Washington University in St. Louis

Washington University Open Scholarship
Arts & Sciences Electronic Theses and
Dissertations

Arts & Sciences

Winter 12-15-2021

Using Single-Particle Fluorescence Microscopy to Elucidate the
Role of Structural Distortions and Defects in the Chemical
Reactivity and Photophysics of Cesium Lead Halide Perovskite
Nanocrystals
Dong Wang
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/art_sci_etds
Part of the Chemistry Commons

Recommended Citation
Wang, Dong, "Using Single-Particle Fluorescence Microscopy to Elucidate the Role of Structural
Distortions and Defects in the Chemical Reactivity and Photophysics of Cesium Lead Halide Perovskite
Nanocrystals" (2021). Arts & Sciences Electronic Theses and Dissertations. 2625.
https://openscholarship.wustl.edu/art_sci_etds/2625

This Dissertation is brought to you for free and open access by the Arts & Sciences at Washington University Open
Scholarship. It has been accepted for inclusion in Arts & Sciences Electronic Theses and Dissertations by an
authorized administrator of Washington University Open Scholarship. For more information, please contact
digital@wumail.wustl.edu.

WASHINGTON UNIVERSITY IN ST. LOUIS
Department of Chemistry

Dissertation Examination Committee:
William E. Buhro, Chair
Bryce F. Sadtler, Co-Chair
Joseph A. Fournier
Richard A. Loomis
Rohan Mishra

Using Single-Particle Fluorescence Microscopy to Elucidate the Role of Structural Distortions
and Defects in the Chemical Reactivity and Photophysics of Cesium Lead Halide Perovskite
Nanocrystals
by
Dong Wang

A dissertation presented to
The Graduate School
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

Dec 2021
St. Louis, Missouri

© 2021, Dong Wang

Table of Contents
List of Figures ................................................................................................................................ vi
List of Tables ................................................................................................................................. xi
Acknowledgments......................................................................................................................... xii
Abstract ......................................................................................................................................... xv
Chapter 1: Introduction ................................................................................................................... 1
1.1

Overview .......................................................................................................................... 1

1.2

Lead Halide Perovskite Semiconductors.......................................................................... 2

1.2.1

Crystal Structure and the Goldschmidt Tolerance Factor ..................................................... 2

1.2.2

The Bandgap Energies of Halide Perovskite Semiconductors .............................................. 4

1.2.3

Applications of Halide Perovskite Semiconductors .............................................................. 5

1.3

Colloidal Synthesis of Halide Perovskite Nanocrystals ................................................... 7

1.4

Single-Particle Fluorescence Microscopy ........................................................................ 8

1.4.1

Fundamentals of Fluorescence Microscopy .......................................................................... 9

1.4.2

Imaging Chemical Reactions with Fluorescence Microscopy ............................................ 11

1.4.3

Distinguishing Single Particles from Clusters .................................................................... 13

1.4.4

Correlating Fluorescence Microscopy with Transmission Electron Microscopy ............... 14

1.5

Blinking in Semiconductor Nanocrystals ....................................................................... 15

1.5.1

Why Do Nanocrystals Blink? ............................................................................................. 15

1.5.2

Determination of Blinking Mechanisms ............................................................................. 17

1.6

Contributions and Outline of the Dissertation................................................................ 20

1.7

References ...................................................................................................................... 21

Chapter 2: Experimental and Characterization Methods .............................................................. 31
2.1

Materials ......................................................................................................................... 31

2.2

Synthesis Methods.......................................................................................................... 32

2.2.1

Synthesis of CsPbX3 (X = Cl, Br, or I) Nanocrystals ......................................................... 32

2.2.2

Synthesis of CsPbBr3@SiO2 Core/Shell Nanocrystals ....................................................... 33

2.2.3

Synthesis of SiO2 Microspheres .......................................................................................... 34

2.3

Fabrication of Flow Cells ............................................................................................... 35

2.4

Fluorescence Microscopy ............................................................................................... 37

2.4.1

Imaging Anion Exchange Between CsPbCl3 and CsPbBr3 Nanocrystals ........................... 37

ii

2.4.2

Imaging Anion Exchange Between CsPbBr3 and CsPbI3 Nanocrystals ............................. 39

2.4.3

Imaging the Blinking of CsPbBr3@SiO2 Core/Shell Nanocrystals .................................... 40

2.5

Analysis of Single-Particle Trajectories ......................................................................... 41

2.5.1

Analysis of Switching Times .............................................................................................. 41

2.5.2

Analysis of Waiting Times ................................................................................................. 42

2.5.3

Analysis of On Fraction and Probability Distribution ........................................................ 43

2.6

Monte Carlo Simulations ............................................................................................... 44

2.6.1

Overview ............................................................................................................................. 44

2.6.2

Diffusion-Limited Model .................................................................................................... 45

2.6.3

Positive-Cooperativity Model ............................................................................................. 45

2.6.4

Exchange-Density Model .................................................................................................... 46

2.6.5

Structural-Reorganization Model ........................................................................................ 47

2.7

Correlative Fluorescence Microscopy and Transmission Electron Microscopy ............ 47

2.8

Ensemble Characterization Methods .............................................................................. 49

2.8.1

Photoluminescence Spectroscopy and Quantum Yield Measurement ................................ 49

2.8.2

UV-Vis Absorption Spectroscopy ...................................................................................... 51

2.8.3

X-ray Diffraction................................................................................................................. 51

2.8.4

X-ray Photoelectron Spectroscopy...................................................................................... 53

2.8.5

Transmission Electron Microscopy..................................................................................... 54

2.8.6

Transient Absorption Spectroscopy .................................................................................... 56

2.9

References ...................................................................................................................... 57

Chapter 3: Role of Solid-State Miscibility during Anion Exchange in Cesium Lead Halide
Nanocrystals Probed by Single-Particle Fluorescence ................................................................. 58
3.1

Introduction .................................................................................................................... 58

3.2

Results and Discussion ................................................................................................... 60

3.2.1

Structural and Compositional Characterization .................................................................. 60

3.2.2

Ensemble Optical Characterization ..................................................................................... 68

3.2.3

Single-Particle Fluorescence Microscopy ........................................................................... 70

3.2.4

Concentration Dependences of Waiting and Switching Times ........................................... 75

3.2.5

Factors Influencing the Single-Particle Measurements ....................................................... 80

3.2.6

Comparison of Nanocrystal Transformations in Miscible and Immiscible Systems .......... 87

3.2.7

Exchange Density Model for Anion Exchange in Miscible Systems ................................. 88

3.3

Conclusion...................................................................................................................... 93
iii

3.4

References ...................................................................................................................... 94

Chapter 4: Irreversibility in Anion Exchange Between Cesium Lead Bromide and Iodide
Nanocrystals Imaged by Single-Particle Fluorescence ............................................................... 100
4.1

Introduction .................................................................................................................. 100

4.2

Results and Discussion ................................................................................................. 103

4.2.1

Ensemble Fluorescence Spectroscopy .............................................................................. 103

4.2.2

Structural Characterization ............................................................................................... 110

4.2.3

Single-Particle Fluorescence Imaging............................................................................... 115

4.2.4

Factors Influencing the Single-Particle Measurements ..................................................... 130

4.2.5

Monte Carlo Model for Asymmetric Anion Exchange ..................................................... 134

4.3

Conclusion.................................................................................................................... 144

4.4

References .................................................................................................................... 145

Chapter 5: Unveiling the Influence of Thermal Annealing on Traps in Individual Cesium Lead
Bromide Nanocrystals ................................................................................................................. 150
5.1

Introduction .................................................................................................................. 150

5.2

Results and Discussion ................................................................................................. 152

5.2.1

Ensemble Optical Measurements ...................................................................................... 152

5.2.2

Structural Characterization ............................................................................................... 154

5.2.3

Stability of CsPbBr3@SiO2 Nanocrystals Measured by Single-Particle Fluorescence ..... 157

5.2.4

Blinking statistics before and after annealing ................................................................... 161

5.2.5

Influence of thermal annealing on trap states ................................................................... 168

5.2.6

Correlation with TEM ....................................................................................................... 175

5.3

Conclusion.................................................................................................................... 177

5.4

References .................................................................................................................... 178

Chapter 6: Conclusions and Perspectives ................................................................................... 182
6.1

Conclusions .................................................................................................................. 182

6.2

Perspectives .................................................................................................................. 183

6.3

References .................................................................................................................... 184

Appendix Ⅰ: MATLAB Scripts for Data Analysis ...................................................................... 186
Ⅰ.1

Script for On-fraction Analysis .................................................................................... 186

Ⅰ.2

Script for Probability Distribution Analysis................................................................. 187

Appendix Ⅱ: Additional TEM Images Correlated with Single-Particle Trajectories ................. 191
iv

Ⅱ.1

Correlation of CsPbBr3@SiO2 NCs with Their Fluorescence Trajectories................. 191

Ⅱ.2 Correlation of CsPbBr3@SiO2 NCs with Their Fluorescence Trajectories Before and
After Annealing ....................................................................................................................... 193

v

List of Figures
Figure 1.1 Schematic diagram of the halide perovskite structure. ................................................. 3
Figure 1.2 Illustration of the light path in an epi-fluorescence microscope. .............................. 10
Figure 1.3 (a) Illustration of Auger recombination in NCs with type-A blinking and (b) FLID of
a NC with type-A blinking; (c) Illustration of trap-assisted recombination in NCs with type-B
blinking and (d) FLID of a NC with type-B blinking. .................................................................. 17
Figure 2.1 Photo of a homemade flow cell .................................................................................. 36
Figure 2.2 Illustration of the microscope field-of-view using either Chroma #49000-ET-DAPI or
Chroma #49002-ET-EGFP filter sets............................................................................................ 37
Figure 2.3 Examples of the sigmoidal fitting of trajectories of two representative NCs with a
broad transition and a sharp transition during anion exchange..................................................... 42
Figure 2.4 Representative trajectories of five individual CsPbBr3 NCs as they transform to
CsPbBr3-xIx. ................................................................................................................................... 43
Figure 2.5 Schematic of correlating TEM images with fluorescence microscopy images. ......... 48
Figure 3.1 (a) Bright-field TEM image of the as-synthesized CsPbCl3 NCs. (b) Bright-field
TEM image of CsPbCl3-xBrx NCs after anion exchange. (c) Histogram showing the distribution
of edge lengths for the initial CsPbCl3 NCs. (d) Histogram showing the distribution of edge
lengths for the CsPbCl3-xBrx NCs following anion exchange. ...................................................... 61
Figure 3.2 STEM-HAADF images of aggregates of CsPbCl3 NCs used to measure the
thicknesses of the platelets. ........................................................................................................... 62
Figure 3.3 (a) XRD patterns of the as-synthesized CsPbCl3 NCs (red) and the CsPbCl3-xBrx NCs
(green) after anion exchange. (b) Expanded view of the XRD pattern for CsPbCl3-xBrx NCs
prepared by anion exchange (green). ............................................................................................ 63
Figure 3.4 X-ray photoelectron spectra showing the binding energy regions for (a) Cs 3d, (b) Pb
4f, (c) Cl 2p and (d) Cs 4d and Br 3d electrons. ........................................................................... 64
Figure 3.5 Atomic-resolution STEM-HAADF images of (a) a CsPbCl3 NC and (b) a
CsPbCl3−xBrx NC with their overlaid atomic model showing the [101] projection of the crystal
structure. (c) Comparison of the change in bond distances for different anion compositions as
obtained from STEM-HAADF and those provided in a previous report...................................... 67
Figure 3.6 UV−vis absorption (solid lines) and PL (dashed lines) spectra of CsPbCl3 NCs
dispersed in hexane before and after anion exchange. .................................................................. 69
Figure 3.7 (a) Normalized PL spectra of CsPbCl3 NCs after the addition of increasing amounts
of a TBAB solution.(b) Energies of the PL maxima for the same CsPbCl3−xBrx NCs as a function
of the amount of TBAB added. ..................................................................................................... 69

vi

Figure 3.8 Experimental setup used to monitor anion exchange in single CsPbX3 NCs with
fluorescence microscopy. .............................................................................................................. 72
Figure 3.9 Selected frames from a fluorescence video recording during the transformation of
CsPbCl3 NCs to CsPbCl3−xBrx at a TBAB concentration of 1 μg/mL (3.1 μmol/L). ................... 73
Figure 3.10 (a) Integrated intensity vs. time over the entire field of view (top) using a TBAB
concentration of 1 μg/mL (3.1 μmol/L) along with representative trajectories for individual NCs
(bottom). (b) Integrated intensity and single-particle intensities using a TBAB concentration of
10 μg/mL (31.1 μmol/L) along with representative trajectories for individual NCs (bottom).. ... 75
Figure 3.11 Histograms of the relative waiting times for anion exchange from CsPbCl3 to
CsPbCl3- xBrx in single NCs. The concentrations of TBAB used were (a) 1 µg/mL (3.1 µmol/L),
(b) 2 µg/mL (6.2 µmol/L), (c) 3 µg/mL (9.3 µmol/L), (d) 4 µg/mL (12.4 µmol/L), (e) 6 µg/mL
(18.6 µmol/L), and (f) 10 µg/mL (31.1 µmol/L). ......................................................................... 76
Figure 3.12 (a) Gaussian fits to the distributions of relative waiting times for single NCs
following anion exchange using different concentrations of TBAB. (b) The dependence of mean
relative waiting times (red squares) on TBAB concentration. ...................................................... 77
Figure 3.13 Comparison of the ensemble intensity rise (purple circles) and the mean of
individual NC switching times (red squares) using different concentrations of TBAB.. ............. 78
Figure 3.14 Representative single-particle intensity trajectories for the backward transformation
(i.e., CsPbCl3-xBrx to CsPbCl3) using TBAC concentrations of (a) 1 µg/mL (3.6 µmol/L) and (b)
10 µg/mL (36.1 µmol/L). .............................................................................................................. 79
Figure 3.15 Mean relative waiting times (black traces) and switching times (red traces) as a
function of added halide concentration for forward exchange (CsPbCl3 to CsPbCl3-xBrx, solid
lines) and backward exchange (CsPbCl3-xBrx to CsPbCl3, dashed lines). .................................... 80
Figure 3.16 (a) TEM image of CsPbCl3 NCs synthesized using a temperature of 120°C. (b)
Experimental mean relative waiting times (black squares) and switching times (red circles) for
anion exchange in single NCs as a function of added TBAB concentration. ............................... 81
Figure 3.17 Comparison of (a) the mean relative waiting times and (b) the mean of individual
switching times measured using different excitation and emission filters in the fluorescence
microscope and at different concentrations of TBAB .................................................................. 82
Figure 3.18 (a, b) The waiting times for different NCs within the same field-of-view plotted vs.
their pixel position along the x-axis (a) and y-axis (b) of the EMCCD camera. (c, d) The
switching times for different NCs within the same field-of-view plotted vs. their pixel position
along the x-axis (c) and y-axis (d) of the EMCCD camera. ......................................................... 83
Figure 3.19 (a) Intensity trajectory of a CsPbCl3-xBrx NC prepared by ex situ anion exchange
and measured in air. (b) Intensity trajectory of a CsPbCl3-xBrx NC prepared by ex situ anion
exchange and measured in ODE. (c) Intensity trajectory of a CsPbCl3-xBrx NC prepared by in situ
anion exchange.............................................................................................................................. 85
vii

Figure 3.20 Representative intensity trajectories for single CsPbCl3-xBrx NCs following in situ
anion exchange using a TBAB concentration of 2 µg/mL (6.2 µmol/L)...................................... 86
Figure 3.21 Representative intensity trajectories for clusters of CsPbCl3-xBrx NCs following in
situ anion exchange using a TBAB concentration of 2 µg/mL (6.2 µmol/L). .............................. 87
Figure 3.22 Simulated median waiting times (black traces) and switching times (red traces) for
(a) diffusion-limited model; (b) positive-cooperativity model; (c) staggered-cooperativity model
and (d) exchange-density model. .................................................................................................. 89
Figure 3.23 Plots of the (a) free energy changes from ion exchange and (b) associated
probabilities of exchange for all the 4 models. ............................................................................. 91
Figure 3.24 Simulated trajectories for exchange-density model. (a) The simulated change in
ensemble intensity as a function of time. (b) The simulated change in individual intensity of 10
representative particles.................................................................................................................. 92
Figure 3.25 (a) Mean relative waiting times (black squares) and switching times (red circles) as
a function of added TBAB concentration. . (b) Simulated median waiting and switching times as
a function of concentration with y = a/x+c fits. ........................................................................... 93
Figure 4.1 (a) PL spectra showing the transformation of CsPbBr3 NCs to CsPbI3 through the
addition of increasing amounts of a TBAI solution. (b) PL spectra showing the transformation of
CsPbI3 NCs to CsPbBr3 through the addition of increasing amounts of a TBAB solution. (c)
Temporal evolution of the PL spectra over an approximately 8-min period after the addition of
two aliquots of the TBAB solution (120 μL total) to a solution of CsPbI3 NCs. (d) PL spectra of
CsPbI3 NCs before (red trace) and after (black and blue traces) adding 420 μL of a TBAB
solution........................................................................................................................................ 105
Figure 4.2 Normalized PL spectra of different batches of CsPbBr3 (blue & green traces) and
CsPbI3 (red & black traces) NCs. ............................................................................................... 109
Figure 4.3. Bright-field TEM images of CsPbX3 NCs before and after anion exchange.. ........ 112
Figure 4.4 Size distributions of the CsPbX3 NCs shown in Figure 4.3.. .................................. 113
Figure 4.5 (a) XRD patterns of CsPbX3 NCs before and after anion exchange. (b) Comparison of
the experimental XRD pattern for iodide-rich CsPbBr3-xIx NCs produced by anion exchange of
CsPbBr3 NCs (middle, green) to simulated patterns for the perovskite orthorhombic γ phase of
CsPbI3 (top, yellow) and the non-perovskite orthorhombic δ phase (bottom, black). ................ 115
Figure 4.6 Models of CsPbBr3 and CsPbI3 crystals with the perovskite orthorhombic γ phase
(top) and illustrations of the microscope field-of-view under different excitation conditions
(bottom)....................................................................................................................................... 117
Figure 4.7 (a, b) Fluorescence video frames before and after the transformation of CsPbBr3 NCs
to CsPbI3 using TBAI. (c, d) Fluorescence video frames before and after the transformation of
CsPbI3 NCs to CsPbBr3 using TBAB. ........................................................................................ 118

viii

Figure 4.8 Fluorescence intensity trajectories for CsPbX3 NCs undergoing anion exchange. .. 120
Figure 4.9 Comparison of the ensemble rise times in fluorescence intensity for all NCs in the
field-of-view (black squares) to the mean of single-NC switching times (red circles) using
different concentrations of TBAB or TBAI. ............................................................................... 121
Figure 4.10 Histograms of the relative waiting times for the transformation of as-synthesized
CsPbBr3 NCs to CsPbI3 using TBAI. ......................................................................................... 123
Figure 4.11 Histograms of the relative waiting times for the back conversion of iodide-rich
CsPbBr3-xIx NCs to CsPbBr3 using TBAB. ................................................................................ 124
Figure 4.12 Histograms of the relative waiting times for the transformation of as-synthesized
CsPbI3 NCs to CsPbBr3 using TBAB. ........................................................................................ 125
Figure 4.13 Histograms of the relative waiting times for the back conversion of bromide-rich
CsPbBr3-xIx NCs to CsPbI3 using TBAI. .................................................................................... 126
Figure 4.14 Examples of Gaussian fits to the distributions of relative waiting times shown above
in Figures 4.10-4.13 for single CsPbX3 NCs undergoing anion exchange. ............................... 127
Figure 4.15 Experimental mean values of the waiting times (black squares) and switching times
(red circles) for anion exchange between CsPbBr3 and CsPbI3 NCs.......................................... 129
Figure 4.16 Comparison of the mean value (black squares) and the FWHM (red circles) of
single-NC waiting times for the transformation of CsPbI3 NCs to CsPbBr3 measured using the
same TBAB concentration (2 μg/mL, 6.2 μmol/L) introduced at different flow rates. .............. 132
Figure 4.17 Waiting and switching times as a function of particle position for the transformation
of CsPbI3 NCs to CsPbBr3 using a TBAB concentration of 1 μg/mL (3.1 μmol/L). ................. 133
Figure 4.18 Representative intensity trajectories for single bromide-rich CsPbBr3-xIx NCs
following the transformation of CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1
μmol/L). ...................................................................................................................................... 134
Figure 4.19 Representative intensity trajectories of clusters of CsPbBr3-xIx NCs following the
transformation CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1 μmol/L). .................. 135
Figure 4.20 (a) Change in free energy, ΔGi, with the number of exchange events, i, in a particle
for the exchange-density and structural-reorganization models. (b) Associated probability of
exchange for the models shown in (a). (c) Simulated waiting and switching times for the two
models as a function of k0. (d) Experimental waiting and switching times for the conversion of
as-synthesized CsPbI3 NCs to CsPbBr3 (red traces) and the back conversion of bromide-rich
CsPbBr3−xIx NCs to CsPbI3 (black traces). ................................................................................. 136
Figure 4.21 Simulated reaction trajectories for anion exchange. ............................................... 139
Figure 4.22 Plots of the waiting time vs. switching time for individual particles. .................... 140
Figure 4.23 The slopes from linear fits to scatter plots of the waiting vs. switching time for
individual particles. ..................................................................................................................... 141
ix

Figure 5.1 (a) PL (solid lines) and UV-vis absorption (dashed lines) spectra of CsPbBr3@SiO2
(black) and CsPbBr3 (red) NCs dispersed in toluene. (b) PL (solid lines) and UV-vis absorption
(dashed lines) spectra of CsPbBr3@SiO2 NCs deposited on a glass coverslip before annealing
(blue) and after annealing at 100℃ for 10 mins (purple). .......................................................... 154
Figure 5.2 XRD patterns of the as-synthesized CsPbBr3 NCs before (red) and after annealing
(green) and CsPbBr3@SiO2 NCs before (blue) and after (cyan) annealing. .............................. 156
Figure 5.3 TEM images of (a) CsPbBr3@SiO2 NCs before annealing, (b) CsPbBr3@SiO2 NCs
after annealing at 100℃ in a glovebox, (c) CsPbBr3 NCs before annealing, and (d) CsPbBr3 NCs
after annealing at 100℃ in glovebox. ......................................................................................... 157
Figure 5.4 Integrated fluorescence intensities over the entire microscope field-of-view for
CsPbBr3 NCs measured in air (black) and CsPbBr3@SiO2 NCs measured both in air (red) and N2
(blue). .......................................................................................................................................... 159
Figure 5.5 Representative single-particle fluorescence intensity trajectories of (a) stable
CsPbBr3@SiO2 NCs measured in N2, (b) CsPbBr3@SiO2 NCs measured in N2 that have an
increase in their off-fraction over time (< 10% of the total population), and (c) uncoated CsPbBr3
NCs measured in air. ................................................................................................................... 161
Figure 5.6 (a-c) Comparison of the on-fractions of individual CsPbBr3@SiO2 NCs before and
after annealing at 70℃, 100℃, and 120℃, respectively. (d-f) Histograms of the on-fraction
variation after annealing at 70℃, 100℃, and 120℃, respectively. ........................................... 164
Figure 5.7 Representative probability distributions of on-events for two individual
CsPbBr3@SiO2 NCs in Sample II before annealing. .................................................................. 166
Figure 5.8 The variation in on-fraction for (a) NCs with type-A blinking (blue) and (b) NCs with
type-B blinking (purple). ............................................................................................................ 167
Figure 5.9 Slope of power law fitting for the NCs from (a) population C (purple) and (b)
population B (green) compared to all NCs that exhibited type-B blinking (red). ...................... 168
Figure 5.10 TA temporal profiles (black traces) of CsPbBr3@SiO2 NCs (a) before annealing and
(b) after annealing at 100℃. The profiles were fitted using the sum of an exponential rise and
three exponential decays (red dashed lines)................................................................................ 170
Figure 5.11 X-ray photoelectron spectra showing the binding energy regions for (a) Cs 3d, (b)
Pb 4f, (c) Br 3d, and (d) O 1s electrons. ..................................................................................... 174
Figure 5.12 Correlation of individual CsPbBr3@SiO2 NCs with their fluorescence intensity
trajectories. The red traces are the background intensity. ........................................................... 177

x

List of Tables
Table 3.1 Binding energies for Cs 3d, Pb 4f, Cl 2p and Br 3d electrons measured by XPS. ...... 65
Table 3.2 Additional details for the fluorescence spectra shown in Figure 3.7(a): amount of
TBAB added, the maximum of the corresponding PL spectrum, and its full width at half
maximum (FWHM). ..................................................................................................................... 70
Table 3.3 Optimized fitting parameters for inverse proportionality relation between median
waiting/switching times and concentration for each model simulated in Figure 3.22. ................ 90
Table 4.1 Additional details for the fluorescence spectra shown in Figure 4.1(a): amount of
TBAI added, the emission maximum of the resulting PL spectrum, and its FWHM. ................ 106
Table 4.2 Additional details for the fluorescence spectra shown in Figure 4.1(b) (i.e.,
transformation of CsPbI3 NCs to CsPbBr3): amount of TBAB added, the emission maximum of
the resulting PL spectrum, and its FWHM. ................................................................................ 107
Table 4.3 Summary of the CsPbBr3 and CsPbI3 NCs samples characterized in each figure. .... 110
Table 4.4 Fitting parameters for the concentration dependence of the mean waiting and
switching times shown in Figure 4.15. ...................................................................................... 130
Table 4.5 Parameters for the linear fits (y = ax + b) of the scatter plots of waiting vs. switching
time shown in Figure 4.22.......................................................................................................... 138
Table 4.6 Tilt angles for PbX6 octahedra (X = Br or I) based on the bulk crystal structures from
ICSD collection codes #243735 for CsPbBr3 and #21955 for CsPbI3. Both crystals have the
perovskite orthorhombic γ phase. ............................................................................................... 144
Table 5.1 Fitting results for TA temporal profiles shown in Figure 5.10 ................................. 171
Table 5.2 Binding energies of peaks from XPS after deconvolution and their area ratios in the
regions for Cs 3d, Pb 4f and Br 3d electrons. ..............................................................................172

xi

Acknowledgments
First and foremost, I want to thank my advisor, Prof. Bryce F. Sadtler. During the past five
and a half years, Prof. Sadtler has guided me on every aspect of my academic career. He not only
provided valuable suggestions on my research projects, but also trained me on presenting and
writing skills. Moreover, he taught me how to become an independent researcher and scientist. I
am grateful to have Prof. Sadtler as my advisor.
I would like to thank all my group members in the Sadtler group for the useful discussions
and help on my experiments. Dr. Bo Yin helped a lot on my research when I joined the group.
Dongyan Zhang worked together with me and gave me many good suggestions. Dr. Meikun Shen
assisted me on the fluorescence microscopy. I also want to thank my other group members, Dr.
Chu Qin, Dr. Che Tan, Jiang Luo, Will Rackers, Ashlynn Berry, Sarah Wu and Julie Lampert. I
really enjoyed working with you.
I want to give special thanks to my collaborators. Dr. John Cavin and Prof. Rohan Mishra
developed the Monte Carlo simulations for my research. Jie Chen and Prof. Richard A. Loomis
performed the transient absorption characterizations and helped me interpret the data.
I would also thank Dr. Huafang Li at the Institute of Material Science and Engineering.
She helped me a lot on the transmission electron microscopy. She is very professional, friendly,
and efficient.
I would like to thank Washington University in St. Louis and the National Science
Foundation for the financial support.
Last but not the least, I would like to thank my wife, Xiangfeng Niu, who is also a graduate
student at the Department of Chemistry. Her love and encouragement means a lot to me. I also

xii

thank my parents, Zhongguang Wang and Shaomei Wang, and my sister, Qi Wang, for their
support through all these years.
Dong Wang
Washington University in St. Louis
December 2021

xiii

Dedicated to my wife.

xiv

ABSTRACT OF THE DISSERTATION

Using Single-Particle Fluorescence Microscopy to Elucidate the Role of Structural Distortions
and Defects in the Chemical Reactivity and Photophysics of Cesium Lead Halide Perovskite
Nanocrystals
by
Dong Wang
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2021
Professor William E. Buhro, Chair
Professor Bryce F. Sadtler, Co-Chair
Colloidal cesium lead halide perovskite nanocrystals (CsPbX3, X = Cl, Br or I) are
attractive for optoelectronic applications due to their unique chemical and physical properties
including high photoluminescence quantum yield, tunable bandgaps, high defect tolerance, and
low-cost processibility. A facile method to tune the emission wavelength of perovskite
nanocrystals is through anion exchange. For light emission applications, it is desirable to prepare
CsPbX3 nanocrystals of uniform size and composition. However, the complex reaction kinetics of
this chemical transformation may limit the compositional uniformity and color purity of the
CsPbX3 nanocrystals produced by anion exchange when the transformation is scaled up. In this
dissertation, we used fluorescence microscopy to monitor reaction trajectories of individual
CsPbX3 nanocrystals as they undergo anion exchange, which enables us to quantify heterogeneity
in reactivity among hundreds of nanocrystals prepared within the same batch. We observe a
varying dependence of the switching time for changes in fluorescence intensity of individual
CsPbX3 nanocrystals on the concentration of substitutional halide ions in solution. We find that
the switching times at a given halide concentration are similar in both reaction directions for anion
xv

exchange between CsPbCl3 and CsPbBr3 nanocrystals. However, the CsPbI3 nanocrystals undergo
more abrupt shifts in their emission characteristics as they transform to CsPbBr3, while CsPbBr3
nanocrystals exhibit a smoother transition during their transformation to CsPbI3. We developed
kinetic models to simulate anion exchange in these different systems, in which differences in the
reaction path are reflected in the way the probability for each exchange event in a particle evolves
with the number of previous successful events. We attribute differences in the concentration
dependence of fluorescence switching times for different exchange pairs to differences in the
relative miscibility of the initial and final structures. Highly miscible systems, such as the
CsPbCl3/CsPbBr3 pair exhibit longer switching times compared to immiscible crystal pairs that
require a substantial reorganization of the ions. Furthermore, the switching times for miscible
systems show a stronger dependence on the concentration of the substitutional ion. However, we
observed asymmetric behavior at the single-particle level when the interconversion between
CsPbBr3 and CsPbI3 proceeded in opposite directions Compared to the transformation from
CsPbBr3 to CsPbI3, the transformation from CsPbI3 to CsPbBr3 exhibits shorter switching times
and weaker dependence on the concentration of the substitutional ion. The irreversibility in anion
exchange between CsPbBr3 and CsPbI3 nanocrystals is attributed to structural differences between
CsPbI3 nanocrystals synthesized by the hot-injection method and those prepared by anion
exchange. The distinct transformation kinetics during anion exchange revealed in both anion
exchange reactions are important to consider when scaling-up the production of CsPbX3
nanocrystals with high compositional homogeneity and color purity for optoelectronic
applications.
Optoelectronic devices such as solar cells and light emitting diodes may operate at elevated
temperatures up to 100℃, depending on their operating environment. While the crystal structure
xvi

of the CsPbX3 nanocrystals can be preserved, a loss in photoluminescence has been observed near
this temperature. In this dissertation, we used single-particle fluorescence microscopy to study
how heating affects the properties of individual CsPbBr3@SiO2 nanocrystals. The growth of SiO2
shells around CsPbBr3 nanocrystals enhanced their stability during characterization and prevented
the oriented attachment of CsPbBr3 nanocrystals during annealing. We measured the fluorescence
trajectories of individual CsPbBr3@SiO2 nanocrystals before and after annealing at different
temperatures. We observed three sub-populations of nanocrystals within a single batch, which
behaved differently upon annealing. One population of nanocrystals were stable while the other
two either became brighter or darker after annealing. Based on statistical analysis of single-particle
fluorescence trajectories, we attribute the difference in behavior to variations in trap states among
the different nanocrystals. Furthermore, transient absorption spectroscopy revealed that the ratio
of deep traps (i.e., traps with energy levels in middle of the bandgap) decreased after annealing.
X-ray photoelectron spectroscopy indicated that defect species associated with deep traps were
oxidized during the thermal treatment. This work connects the change in single-particle
fluorescence upon annealing with the variation in trap states and suggests that thermal treatment
at mild temperatures can be applied to passivate deep trap states in CsPbX3 nanocrystals.
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Chapter 1: Introduction
1.1 Overview
Developing clean energy technologies has become the key to reducing our dependence on
fossil fuels (i.e., coal and oil) that are contributing to increasing levels of carbon dioxide in the
atmosphere. Over the past few decades, renewable energy sources (i.e., wind, water, and solar)
have been widely applied as alternatives to fossil fuels.1-3 However, there is still a long way to go
before these modern energy sources can completely replace the traditional methods of electricity
generation. Meanwhile, novel energy-efficient technologies have also been developed that can
reduce our energy consumption. Light emitting diodes (LEDs) are one of these technologies, which
have attracted much attention in recent years.4-8 Compared with a traditional incandescent light
source, LED lighting can reduce energy consumption by 75% and last 25 times longer.6 LED lights
also have smaller sizes and better physical robustness.6 Since the first production of LEDs in 1962,
this new technology has brought a revolution to the lighting industry.
Despite the advantages that LEDs have, this technology also has its disadvantages. For
example, the semiconductor materials used in commercial LEDs, such as indium gallium nitride
(InGaN) and aluminum gallium indium phosphide (AlGaInP), require high temperatures and high
vacuum processing to fabricate.9, 10 Furthermore, these semiconductors emit over a small range of
the visible spectrum. In contrast, recently developed halide perovskite semiconductors (i.e.,
methylammonium lead halide and cesium lead halide perovskites) can be processed in solution at
room temperature.11, 12 The highly tunable bandgaps of halide perovskite semiconductors enable
them to emit over the entire visible spectrum.13 Moreover, perovskite semiconductors have high
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defect tolerance.14 Most defect species in these perovskites are shallow in energy and thus will
only have minor effects on the luminous efficiency of an LED that incorporates these materials.14
Due to their unique properties, perovskite semiconductors have been widely studied over
the past few years.15-20 Researchers around the world have spent much effort on improving the
efficiency and stability of perovskite-based LEDs.20-25 However, the current record for external
quantum efficiency (EQE) of perovskite-based LEDs is 23.4%, which is much lower that the EQE
of 75% for traditional blue emitting InGaN LEDs.20 Fundamental studies of the physical and
chemical properties of halide perovskite semiconductors can provide new insights into methods to
further improve their luminous efficiency.

1.2 Lead Halide Perovskite Semiconductors
1.2.1 Crystal Structure and the Goldschmidt Tolerance Factor
Perovskite crystals refer to a class of compounds that share the same crystal structure as
calcium titanate (CaTiO3). Calcium titanate was discovered in a calcium titanium oxide mineral
by German mineralogist Gustav Rose in 1839 and named after Russian mineralogist Lev Perovski.
While many perovskites are based on oxides, later it was found that a class of halide compounds
can form the perovskite structure, which are known as halide perovskites. This class of perovskite
crystals exhibit a combination of unique properties including high absorption coefficients, long
carrier diffusion lengths, and low exciton binding energies.26 Therefore, halide perovskites have
been extensively studied for optoelectronic applications.15-20
Halide perovskites can be described by the chemical formula ABX3, where A is a
monovalent cation (i.e., Cs+, CH3NH3+), B is a divalent cation (i.e., Pb2+, Sn2+, Ge2+), and X is a
monovalent halide anion (i.e., Cl–, Br–, or I–). A schematic diagram of the perovskite structure is
2

shown in Figure 1.1. The B cations are coordinated by six nearest neighbor X anions, forming
[BX6]4– octahedra. These [BX6]4– octahedra connect with each other through corner sharing of X
anions. The A cations fill voids in the octahedral network and are surrounded by twelve X anions
for the cubic perovskite structure.

Figure 1.1 Schematic diagram of the halide perovskite structure.
There are many possible combinations of A, B and X to form a perovskite structure. To
quickly identify whether a specific combination can form the perovskite structure or not, one can
calculate the Goldschmidt tolerance factor27 based on the ionic radius of each ion. The
Goldschmidt tolerance factor is determined by the following equation:
t = (𝑅𝐴 + 𝑅𝑋 )⁄(√2(𝑅𝐵 + 𝑅𝑋 ))
where t is the Goldschmidt tolerance factor, and RA, RB, and RX are the ionic radii of the A, B, and
X ions, respectively. A combination of A, B and X with a t value between 0.9 and 1 can form the
cubic

perovskite

structure.28

However,

the
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ideal

cubic

structure

will

deviate

to

hexagonal/tetragonal when t > 1 or to orthorhombic/rhombohedral when 0.71 < t < 0.9. The
perovskite structure will no longer form when t < 0.71. It is worth noting that while the tolerance
factor provides an indication of the most stable structure, the synthesis conditions can be controlled
to form metastable structures. For example, based on its tolerance factor of 0.81, CsPbI3 is not
stable as a cubic perovskite structure. However, when CsPbI3 nanocrystals (NCs) are synthesized
at a temperature above 170°C, they have the cubic perovskite structure. Due to the large surface
tension, the cubic structure can be stabilized for a period of time when the crystals are cooled to
room temperature.29, 30

1.2.2 The Bandgap Energies of Halide Perovskite Semiconductors
The bandgap energy is a very important property when considering the applications of
perovskite semiconductors in optoelectronic and photovoltaic devices. For example, in solar cells
the desired bandgap of the active layer should be around 1.4 eV. This value provides sufficient
absorption of solar photons with energies greater than the bandgap, while it does not waste too
much energy during hot-electron relaxation.31, 32 In LEDs, a series of different bandgap energies
are needed to provide emission at different colors.33, 34 A narrow distribution of bandgap energies
within each emitter type is usually important for increasing the color purity of the LED device.35
Halide perovskites are direct bandgap semiconductors, which leads to strong absorption of
photons near the band edge. The bandgap energy of halide perovskites can be tuned by many
different factors, such as composition, size, and structure. One of the most facile ways to tune the
bandgap of halide perovskites is through compositional engineering.36 According to previous
calculations using density functional theory (DFT) on their electronic band structure, the main
orbital contributions to the density of states near the valence band and conduction band edges of
halide perovskites are the valence p orbitals of X (i.e., the halide atoms) and valence p orbitals of
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B (e.g., Pb, Ge, Sn, etc.), respectively.37 Therefore, varying the composition of B and X ions
usually has a large effect on the bandgap energy. For example, substituting Pb2+ with Sn2+ in
CH3NH3BI3 (B= Pb or Sn) will reduce the bandgap energy from 1.5 eV to 1.1eV, mainly due to
the energy change of the valence band maximum. Varying the X composition from Cl to Br, and
Br to I in CsPbX3 (X= Cl, Br, or I) can continuously tune the bandgap over the entire visible
spectrum. Varying the X composition is the more common method for tuning the bandgap of halide
perovskites compared with changing the B composition because of the feasibility of tuning the X
composition at room temperature using anion exchange and the continuous shift in bandgap energy
that it produces. Lead-free perovskites usually have inferior optoelectronic properties and low
stability. However, considering that lead is not environmentally friendly, it is still worthwhile to
reduce the overall concentration of lead within devices that incorporate halide perovskites.
Another way of tuning the bandgap is through size-dependent quantum confinement, which
is commonly used in semiconductor nanocrystals (NCs).38 When the size of a NC is comparable
to or smaller than its Bohr exciton radius (i.e., the separation distance between the electron and
hole in an exciton), the electronic and optical properties of the NC will be affected by quantum
confinement. The bandgap increases with decreasing size within this regime due to a reduced
density of states near the band edges.39 The Bohr exciton radius of halide perovskites ranges from
5 nm to 12 nm.34 Thus, the bandgap of perovskite NCs can be tuned with size when the NC is
small enough. A major limitation of this method comes from the difficulty of synthesizing NCs at
a desired size and a narrow size distribution.

1.2.3 Applications of Halide Perovskite Semiconductors
Lead iodide perovskites have bandgap energies around 1.5 eV, which is close to the desired
bandgap for solar cell materials.15 Moreover, these materials have direct bandgaps, high absorption
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coefficients, balanced electron & hole mobilities, and high defect tolerances.26 Therefore, halide
perovskite semiconductors have become highly attractive as the active material in solar cells. In a
perovskite solar cell, incident photons with energies higher than the perovskite bandgap are
absorbed by the perovskite layer. The photon energy is converted into electrical energy by exciting
electrons in the valance band of the semiconductor to higher energy levels (i.e., the conduction
band) in which they can be extract to generate current. In 2009, Kojima et al. first applied
CH3NH3PbI3 in a dye-sensitized solar cell and achieved a power conversion efficiency (PCE) of
3.8%.40, 41 Later, solid-state perovskite solar cells were developed, and the PCE of single-junction
perovskite solar cells quickly exceeded 25% over the past decade.41,

42

The optimization of

perovskite solar cells includes control over crystallization, compositional engineering, the
development of new electron/hole transport layers, and interfacial engineering.43-46 Compared with
traditional solar cells, perovskite solar cells can be fabricated at low cost while maintaining
comparable PCEs.42 However, the instability of lead halide perovskites when exposed to light,
heat, and moisture is a major limitation of perovskite solar cells.17
Another application of lead halide perovskites is in LEDs, due to their superior
optoelectronic properties including high carrier mobility, tunable bandgap, and high
photoluminescence quantum yield (PLQY).20-25 In a perovskite LED, electrical energy is converted
into light through radiative recombination of the injected electrons and holes within the perovskite
layer. The first halide perovskite-based LED device was reported by Tan et al. in 2014.47 A thin
layer of CH3NH3PbX3 (X = Cl, Br, or I) was sandwiched between electron and hole injection
layers, and an EQE below 1% was achieved.47 In recent years, the EQE of perovskite-based LEDs
has exceeded 20%.48-50 The strategies for optimizing perovskite-based LEDs are similar to solar
cell devices. The key point is to reduce non-radiative charge recombination, whether the charges
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are photogenerated (in a solar cell) or injected (in a LED).51 Typically, halide perovskite NCs are
more favorable for making LED devices compared to microstructured films.52, 53 The quantum
confinement effect in NCs will increase the exciton binding energy, and thus increase the
probability of radiative recombination. However, the insulating surfactants used in synthesizing
colloidal halide perovskite NCs (e.g., oleic acid, oleylamine) are usually bad for device
performance as they reduce charge transport.52, 53
In addition to the applications discussed above, halide perovskites can also be incorporated
in many other types of devices, including photodetectors, field-effect transistors, and lasers. This
dissertation will focus on studying the fundamental physical and chemical properties of cesium
lead halide NCs while keeping these applications in mind.

1.3 Colloidal Synthesis of Halide Perovskite Nanocrystals
While bulk halide perovskite semiconductors exhibit many attractive properties, quantum
confinement effects in low-dimensional perovskites offer additional tunability of their
optoelectronic properties. Furthermore, the preparation of halide perovskite NCs in solution
facilitates the fabrication of low-cost optoelectronic devices. Halide perovskite NCs with near
unity quantum yields have been synthesized in solution. In this section, representative methods for
synthesizing colloidal halide perovskite NCs in solution are discussed.
Reprecipitation methods have been developed to synthesize methylammonium lead halide
perovskite (MAPbX3, X= Cl, Br, or I) NCs. Schmidt et al. synthesized MAPbBr3 NCs by adding
an antisolvent for the perovskite crystal, acetone, to a solution of perovskite precursors and
medium-sized capping ligands (i.e., octylammonium bromide and octadecylammonium bromide)
dissolved in octadecene.54 The capping ligands limit the growth of MAPbBr3 during precipitation
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and lead to NCs with an average size of 6 nm. Zhang et al. reversed the order of solvent mixing
by adding the perovskite precursors and capping ligands dissolved in N,N-Dimethylformamide to
an antisolvent of perovskite, toluene. The as-synthesized MAPbBr3 NCs exhibited PL quantum
yields up to 70% at room temperature.55 The reprecipitation method has also been applied to
synthesize cesium lead halide perovskite (CsPbX3, X= Cl, Br, or I) NCs.56-58 Generally, the
synthesis of halide perovskite NCs via the reprecipitation method is performed at room
temperature, and the size of the NCs is controlled by the capping ligands. One limitation of the
reprecipitation method is the complexity of looking for the right capping ligands to synthesize NCs
with desired size.
The hot-injection method developed by Protesescu et al. is another popular method to
synthesize halide perovskite NCs.34 The size of the NCs increases as the reaction temperature
decreases. In a typical synthesis, the Cs precursor (i.e., Cs oleate) is injected to the mixed solution
of lead precursor (i.e., PbX2, X = Cl, Br or I) and capping ligands (i.e., oleic acid and oleylamine)
at an elevated temperature up to 200C.34 The reaction requires inert gas protection. Both the
reprecipitation method and the hot-injection method produce halide perovskite NCs with high PL
quantum yield and tunable size and morphology.59-61 However, a major disadvantage of these
solution-phase methods is that they inherently produce a distribution of particle sizes. The
heterogeneity in size can lead to differences in optical properties, lattice structures, and chemical
reactivities.62-64 It is important to understand how heterogeneity in NCs within the same synthetic
batch affects their properties.

1.4 Single-Particle Fluorescence Microscopy
Fluorescence microscopy is a technique widely applied in the fields of biology and
biomedical sciences. This technique is increasingly being applied in the field of material science.
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In this section, the fundamentals of fluorescence microscopy as well as its application for imaging
chemical reactions in semiconductor NCs are discussed.

1.4.1 Fundamentals of Fluorescence Microscopy
A fluorescence microscope is an optical microscope that both excites and collects
fluorescence signals from the sample. Different types of fluorescence microscopes have been
developed. In an epi-fluorescence microscope, a filter cube containing an excitation filter, emission
filter, and dichroic mirror is placed in the light path ahead of the objective lens. As illustrated in
Figure 1.2,65 the excitation filter selectively allows the desired wavelength from the light source
to pass. The dichroic mirror, which reflects light with shorter wavelengths and transmits light with
longer wavelengths, reflects the excitation light into the objective lens. When the sample is excited,
fluorescence emission at a longer wavelength is produced. The emitted light is collected by the
objective lens, transmits through the dichroic mirror and the emission filter, and reaches the
detector. The emission filter selectively allows the emitted light to reach the detector but blocks
the excitation light, which is usually at a shorter wavelength. It worth noting that we used an invert
epi-fluorescence microscope in this dissertation, in which the entire light path is inverted compared
to the light path shown in Figure 1.2.
Several advantages make the epi-fluorescence setup the preferred approach for modern
fluorescence microscopy.66 First of all, the objective lens serves as both the condenser for the
excitation light and the collector for the emitted light. Therefore, the objective/condenser
alignment is always perfect when the excitation light is aligned perfectly with the lens. Secondly,
most of the excitation light reaching the sample will be transmitted and thus will not be collected
by the objective lens. The background noise from the excitation light will be significantly reduced
in this case.
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Figure 1.2 Illustration of the light path in an epi-fluorescence microscope. The blue and green
lines indicate the excitation and emission light, respectively. Reprinted with permission from J.
Chem. Educ. 2016, 93, 7, 1310-1315.(ref 65) Copyright © 2016 American Chemical Society.
Like all other optical microscopes, the spatial resolution of a fluorescence microscope is
diffraction limited. The resolution at a certain excitation wavelength can be estimated by the
Rayleigh criterion:

𝑑 ≈ 0.61 ×

10

𝜆
𝑁𝐴

whereas d is the diffraction limit, λ is the wavelength of the light, and NA is the numerical aperture
of the objective, which usually has a value of 1.4 to 1.6 in modern optics.67 According to the
Rayleigh criterion, when measuring a sample emitting green light at a wavelength of 500 nm (e.g.,
CsPbBr3 NCs), the resolution of the fluorescence microscope will be around 200 nm.

1.4.2 Imaging Chemical Reactions with Fluorescence Microscopy
Single-particle fluorescence microscopy enables the in-situ imaging of individual NCs
during chemical reactions. The technique avoids ensemble averaging, thus facilitates the analysis
of heterogeneity in reactivity among individual NCs within the same synthetic batch.
The application of fluorescence microscopy to study chemical transformations in NCs
requires the initial and final NCs have very different bandgaps, so that the emission from them can
be separated by the excitation and emission filters described above. In this case, the change in
fluorescence intensity can provide a signature of when an individual NC reacts. The advantage of
using fluorescence intensity rather than wavelength to monitor the transformation is that a larger
number of NCs can be imaged simultaneously. In 2014, Routzahn and Jain applied fluorescence
microscopy to image the transformation of CdSe NCs to Ag2Se via cation exchange.68 Since the
CdSe NCs emit at 600 nm while the Ag2Se NCs do not (due to their small band gap), they observed
the initially bright CdSe NCs become dark when Cd2+ cations were substituted by Ag+. They found
that individual CdSe NCs started to react at different times. While each NC took a similar amount
of time (on the order of 100 ms) for the fluorescence intensity to turn off once it began to transform,
the distribution of waiting times among different NCs to start transforming was tens of seconds.
They proposed that in a system in which the initial and final NCs have different crystal structures
(i.e., an immiscible system), the Gibbs free energy for each reaction event decreases linearly with
the number of reaction events.
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In 2019 Yin et al. used fluorescence microscopy to image the intercalation of CH3NH3Br
into PbBr2 NCs to form CH3NH3PbBr3.69 Since the CH3NH3PbBr3 NCs exhibit strong emission at
500 nm while PbBr2 NCs do not, they observed the initially dark PbBr2 NCs become bright during
the transformation to CH3NH3PbBr3. They found that single NCs transform much faster than the
ensemble. While the ensemble intensity rise was dependent on the concentration of Br– ions, the
reaction rate of individual NCs remained constant. These observations were attributed to the phase
transformation from PbBr2 to CH3NH3PbBr3. They proposed that there is a high energy barrier for
intercalating CH3NH3Br into the PbBr2 lattice. Once a NC adopts the perovskite phase, the barrier
decreases quickly leading to an abrupt transformation of the NC.
Chemical transformations can also be monitored by changes in the emission spectra of
single NCs. The integration of a spectrometer in the optical path of the microscope to separate
light of different wavelengths onto different pixels of the CCD camera, enables not only the
fluorescence intensity, but also the emission spectrum of the NC can be recorded at the singleparticle level. Yoshimura et al. imaged the transformation of CsPbBr3 NCs to CsPbBr3-xIx (0 < x <
3) via anion exchange.70 They observed that individual CsPbBr3-xIx NCs are single-photon emitters
regardless of their halide composition, indicating that phase segregation of halide ions did not
occur during the transformation. Lige et al. measured the emission spectra of CH3NH3PbBr3 NCs
under continuous laser excitation.71 They found that photoetching of the CH3NH3PbBr3 NCs
occurred in presence of oxygen, resulting in the blue shift of the single NC emission profile.
The measurement of emission spectra during NC transformations provides more
compositional information than simply monitoring the intensity variation. However, the pixels
along one dimension of the CCD camera are used to record light of different wavelengths rather
than spatial locations. Therefore, the field-of-view is limited (i.e., one-dimensional) compared to
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a wide-field setup, and only a few NCs can be monitored during each experiment. Meanwhile, a
wide-field detector can record the fluorescence intensity trajectories of hundreds of single NCs
simultaneously and thus facilitates the statistical analysis of the heterogeneity among individual
NCs.

1.4.3 Distinguishing Single Particles from Clusters
A key premise for applying fluorescence microscopy to study the chemical and physical
properties of semiconductor NCs is to monitor the fluorescence intensity of single particles. Thus,
the NCs must be deposited onto the substrate (i.e., microscope coverslip) such that emission from
different particles can be distinguished. The size of a NC with dimensions of several nanometers
cannot be directly observed under fluorescence microscope due to the diffraction-limited
resolution of around 200 nm. Thus, individual NCs should have a separation distance of at least 1
μm in order to distinguish different particles.
A commonly used method for sample deposition is to dilute the sample solution and deposit
it by spin-coating. However, this procedure produces both isolated NCs as well as clusters of NCs.
After sample deposition, different approaches have been developed to distinguish individual NCs
from clusters. One method is through analysis of the fluorescence intensity trajectories. Due to the
blinking nature exhibited by most non-passivated semiconductor NCs (which will be discussed in
detail in Section 1.5), each individual NC will have a bright state and a dark state. Therefore, if a
fluorescent spot under the microscope field-of-view only exhibits two different intensity levels, it
is likely to be a single NC. If three or more intensity levels are observed, then the fluorescent spot
may be a cluster containing two or more NCs. Moreover, due to the energy transfer between NCs
in close proximity, the dark state for clusters is usually above the noise level.72 Representative
trajectories of individual NCs vs. clusters can be found in Figure 3.20 and Figure 3.21.
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A more robust method to identify single particles is to measure the probability distribution
of photon pairs with different time intervals of each fluorescent spot, which can be approximated
as the second-order intensity correlation function, g(2)(τ), at low photon fluxes.73 If the spot
contains only a single NC, the value of g(2)(τ) will be close to zero at zero-time delay (τ = 0). This
is a signature of single-photon emission, and such an effect is known as photon antibunching.
Photon antibunching was first observed in individual quantum systems (e.g., single atoms and
single molecules) and later applied to identify single NCs.74

1.4.4 Correlating Fluorescence Microscopy with Transmission Electron
Microscopy
To gain a comprehensive understanding of the behavior of single particles, it is important
to correlate fluorescence microscopy with other microscopy techniques. The key to this technique
is to locate the same particles under different microscopes. Therefore, the relationship between the
optical properties and structural properties of individual NCs can be revealed. Since the
fluorescence properties of NCs are largely dependent on their atomic structure, transmission
electron microscopy (TEM) can be correlated with fluorescence microscopy to provide structural
information.75-78 This correlative technique was developed by Orfield et al. in 2015 to develop
structure–property relationships for CdSe/CdS core/shell NCs.75 In order to locate the same NCs
under both a fluorescence microscope and TEM, they applied micron-sized polystyrene spheres as
markers. The distance between NCs and the markers could be measured under the two
microscopes. By imaging the same NCs under fluorescence microscope and TEM, they found that
the fluorescence blinking of CdSe/CdS NCs were dependent on the presence of both internal
defects (i.e., stacking faults) and surface defects (i.e., incomplete shell coverage). CdSe/CdS NCs
with either kind of defect remain in the dark state for longer times than NCs without these defects.
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1.5 Blinking in Semiconductor Nanocrystals
Fluorescence intermittency, which is also known as blinking, is a phenomenon observed
in almost all colloidally synthesized semiconductor NCs. The NCs will stochastically switch
between an emissive ‘bright’ state and a non-emissive ‘dark’ state under continuous illumination.
The blinking of NCs will be deleterious when they are incorporated into LEDs as the average
quantum yield will be low when a NC frequently switches to the dark state. Therefore, it is
important to understand why single NCs blink in order to reduce the occurrence of non-emissive
dark states. In this section, the physical and chemical origins of blinking and statistical methods
used to analyze blinking of single NCs are discussed.

1.5.1 Why Do Nanocrystals Blink?
The blinking of a semiconductor NC results from the competition between radiative
recombination and non-radiative recombination of the photogenerated excitons (i.e., an electron
and hole bound together by their Coulombic attraction). When a semiconductor NC absorbs a
photon carrying energy larger than the bandgap, an exciton will be generated. The electron and
hole pair may either recombine radiatively or non-radiatively. Through radiative recombination,
the energy released from the annihilation of an exciton will generate a photon with an energy
slightly lower than the bandgap, and the NC will be in the bright state. The energy difference
between the bandgap and the emitted photons is known as the Stokes shift, which can result from
the presence of dark excitons,81, 82 reabsorption of the emission from smaller NCs by larger ones,83
the formation of polarons,84 and the size-dependent electronic properties of individual NCs.85
Through non-radiative recombination, the released energy will be lost in other forms rather than
light (e.g., heat), and the NC will switch to the dark state. While radiative recombination should
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dominate in an ideal NC, there are many factors in a real NC which can lead to non-radiative
recombination.
Defects are one of the major origins of non-radiative recombination in semiconductor NCs.
Different types of defects can lead to either deep traps in the middle of the bandgap or shallow
traps close to the band edge. As illustrated in Figure 1.3(a),86 electrons and holes can recombine
non-radiatively through Auger recombination in a NC containing many deep traps (also known as
type-A blinking) that are located near the middle of the band gap. Such a NC can stay in the
charged state for a period ranging from a few microseconds to a few hours when an electron or
hole occupies a deep trap state. Upon absorption of another photon, the newly generated electron–
hole pair can recombine non-radiatively and transfer energy to the lone hole (or electron). The hole
(or electron) will be excited to a higher energy state. The NC may return to the neutral state when
the trapped electron or hole relaxes to its ground state. Auger recombination may also occur when
the NC is excited by high intensity light. In this case, the density of electrons and holes at the
conduction band minimum and valance band maximum are very high, thus increasing the
probability of the multicarrier recombination.
In a NC containing only shallow traps located near one of the band edges, non-radiative
recombination may be dominated by a trap-assisted process (also known as type-B blinking, see
Figure 1.3(c)). In this scenario, an electron or hole may occupy the shallow trap state. However,
the electron or hole will not stay in the shallow trap for long (i.e., a few nanoseconds, which is
comparable to the time scale of radiative recombination). When released, the electron or hole will
non-radiatively recombine with its original partner. The NC remains neutral during this process.
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1.5.2 Determination of Blinking Mechanisms
As discussed in Section 1.4.4, the optical properties of a NC can be correlated with its
structure. By determining the blinking mechanisms of the NC, one can tell whether the presence
of different kinds of structural defects can result in deep trap states in the NC or not.

Figure 1.3 (a) Illustration of Auger recombination in NCs with type-A blinking and (b) FLID of
a NC with type-A blinking; (c) Illustration of trap-assisted recombination in NCs with type-B
blinking and (d) FLID of a NC with type-B blinking. The red and green arrows in panels (a) and
(c) are radiative and non-radiative recombination, respectively. Adapted with permission from
ACS Nano 2018, 12, 4, 3397-3405.(ref 83) Copyright © 2018 American Chemical Society.
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The blinking mechanism for an individual NC can be determined by correlating its
fluorescence intensity with fluorescence lifetime.76, 86-91 By plotting the temporal variation of
fluorescence intensity and lifetime in a fluorescence lifetime intensity distribution (FLID)
histogram, the relationship between the two can be determined. Typically, the fluorescence
lifetime is inversely dependent on the intensity in a particle that exhibits type-A blinking but either
linearly dependent on the intensity or independent of intensity in a particle that exhibits type-B
blinking.
For type-A blinking, the radiative recombination rate is influenced by the charge state of
the NC. When the NC is charged, the radiative recombination rate (kr) for the neutral state will be
accelerated due to the increased number of radiative recombination pathways (i.e., 2kr for the case
of a localized exciton which consists of three charge carriers). Meanwhile, the radiative
recombination will compete with non-radiative, Auger recombination. Therefore, the dark states
will have shorter lifetimes compared with the bright states. Experimentally, several gray states can
be observed (Figure 1.3(b)), which is due to the averaging of fluorescence intensity and lifetime
within the microscope bin time (i.e., a few milliseconds). The inverse dependency of the
fluorescence intensity of these gray states on the lifetime is a result of the bin-time averaging.
For type-B blinking, the NC stays neutral such that kr remains constant. However, due to
the activation and deactivation of non-radiative recombination centers (i.e., shallow traps), the
non-radiative recombination rate (knr) fluctuates. The competition between kr and knr results in the
linear dependency of the fluorescence lifetime on the fluorescence intensity (Figure 1.3(d)). One
special case is when hot electrons/holes are directly captured by traps without relaxing to the band
edge. In this case, there is no competing recombination pathway for band-edge carriers. Thus, the
fluorescence lifetime remains constant for all intensities.
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Another method to distinguish between type-A and type-B blinking is through analyzing
the probability distribution of bright and dark states. The duration of on (or off) events are plotted
vs. the probability of finding the events in the trajectory. The probability distribution can be either
fitted by a linear power law or a truncated power law:
𝑃(𝑡) = 𝐴𝑡 −𝛼
𝑃(𝑡) = 𝐴𝑡 −𝛼 𝑒 −𝑡/𝑡𝑐
where P(t) is the probability of finding on (or off) events with a duration of t, A is a constant, α is
the power law coefficient, and tc is the truncation time.
Empirically, a truncated power law probability distribution indicates blinking is dominated
by the type-A mechanism, while a linear power law probability distribution indicates blinking is
dominated by the type-B mechanism.87, 89 It is worth noting that many parameters used to measure
the fluorescence trajectory may affect the results of the probability distribution, including the bin
time of the camera, the intensity of the excitation light, the total measurement time, and the choice
of threshold values. Therefore, the experimental conditions need to be carefully determined to
obtain reliable results.
As mentioned above, blinking of NCs are deleterious for optoelectronic applications.
Researchers have developed different strategies for suppressing the fluorescence blinking of single
NCs. A commonly used strategy is core-shell engineering.92-96 For example, the blinking of CdSe
nanocrystals can be fully suppressed by growing an epitaxial shell of CdS around the CdSe core.97,
98

The trap states resulted from surface defects, which act as non-radiative recombination centers,

are passivated by the CdS shell. Therefore, electrons and holes can only recombine radiatively and
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the NC remain in the bright state. The core-shell engineering strategy has been applied to CsPbX3
NCs.96, 99-101 Different types of shells, such as CdS,96 ZnS,99 SiO2,100 Cs4PbBr6,101 et al., have been
grown around the CsPbX3 core to suppress the blinking of the NCs.

1.6 Contributions and Outline of the Dissertation
In this dissertation, single-particle fluorescence microscopy is applied to study solid-state
transformations in perovskite NCs. We reveal that the stochastic nature of reactivity among
individual NCs limits the compositional uniformity that is possible in CsPbCl3-xBrx and CsPbBr3xIx

NCs prepared by anion exchange. Furthermore, we demonstrate that structural differences

between CsPbX3 NCs directly synthesized by the hot-injection method and those prepared by
anion exchange lead to differences in their chemical reactivity. The effect of thermal annealing on
the optical and structural properties is also investigated. We established a clear relationship
between thermal annealing and changes in the distribution of trap states. We indicate that thermal
annealing at a temperature of 100℃favors healing of deep trap states.
Chapter 1 provides an introduction to cesium lead halide perovskites, fluorescence
microscopy, and the mechanism of fluorescence intermittency. In Chapter 2, the materials and
experimental methods used in this dissertation are described in detail. Chapter 3 reveals the role
of solid-state miscibility on anion exchange between CsPbCl3 NCs and CsPbBr3. The
concentration dependence on reaction time during anion exchange in single NCs is reported for
the first time for a highly miscible system, and an exchange-density model is established to explain
the observations. Chapter 4 discusses the influence of structural differences on the chemical
reactivity of perovskite NCs. Due to structural differences between CsPbX3 NCs (X = Br or I)
synthesized by the hot-injection method and those prepared by anion exchange, anion exchange
between CsPbBr3 and CsPbI3 NCs is irreversible. A structural reorganization model is established
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to explain the transformation from CsPbI3 NCs to CsPbBr3, in which the reaction kinetics are
influenced by the structural change. Chapter 5 investigates the blinking statistics of perovskite
NCs before and after mild thermal annealing. We find that NCs with deep traps are more likely to
become brighter than NCs with only shallow traps. Transient absorption measurement suggest that
the ratio of deep traps decreases after annealing. X-ray photoelectron spectroscopy indicate that
defects associated with deep traps are oxidized after annealing. Combining single-particle
measurement and ensemble characterizations, we conclude that thermal annealing at 100℃ favors
healing of deep trap states. In Chapter 6, conclusions and perspectives of this dissertation are
provided.
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Chapter 2: Experimental and
Characterization Methods
Parts of this chapter are adapted with permission:
Wang, D.; Cavin, J.; Yin, B.; Thind, A; Borisevich, A.; Mishra, R.; Sadtler, B., Role of SolidState Miscibility during Anion Exchange in Cesium Lead Halide Nanocrystals Probed by SingleParticle Fluorescence. The Journal of Physical Chemistry Letters 2020, 11, 952-959. Copyright ©
2020 American Chemical Society.
Wang, D.; Zhang, D.; Sadtler, B., Irreversibility in Anion Exchange Between Cesium Lead
Bromide and Iodide Nanocrystals Imaged by Single-Particle Fluorescence. The Journal of
Physical Chemistry C 2020, 49, 27158-27168. Copyright © 2020 American Chemical Society.

2.1 Materials
The following chemicals were used as received: cesium carbonate (Cs2CO3, 99%,
Millipore Sigma Inc.), lead (II) chloride (PbCl2, 99%, Alfa Aesar), lead (II) bromide (PbBr2, 98+%,
Alfa Aesar), lead (II) iodide (PbI2, 99%, Millipore Sigma Inc.), oleic acid (90%, Millipore Sigma
Inc.), oleylamine (70%, Millipore Sigma Inc.), tri-n-octylphosphine (TOP, 97%, Strem Chemicals
Inc.), tert-butanol (anhydrous, ≥ 99.5%, Millipore Sigma Inc.), hexane (anhydrous, 95%, Millipore
Sigma Inc.), 1-octadecene (ODE, tech. 90%, Alfa Aesar), toluene (anhydrous, 99.8%, Millipore
Sigma Inc.), tetrabutylammonium bromide (TBAB, ≥ 98%, Millipore Sigma Inc.),
tetrabutylammonium chloride (TBAC, ≥ 98%, Millipore Sigma Inc.), tetrabutylammonium iodide
(TBAI, ≥ 98%, Millipore Sigma Inc.), ammonia solution (28-30%, Millipore Sigma Inc.), cesium
bromide (99.999%, Millipore Sigma Inc.), tetramethyl orthosilicate (TMOS, 99%, Millipore
Sigma Inc.), N,N-Dimethylformamide (DMF, anhydrous, 99.8%, Millipore Sigma Inc.).
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2.2 Synthesis Methods
2.2.1 Synthesis of CsPbX3 (X = Cl, Br, or I) Nanocrystals
The hot-injection method reported by Kovalenko and coworkers was adapted to synthesize
colloidal cesium lead chloride (CsPbCl3), cesium lead bromide (CsPbBr3), and cesium lead iodide
(CsPbI3) nanocrystals (NCs).1 Two 50-mL, round-bottom flasks were connected to a Schlenk line
and labeled as Flask (I) and Flask (II). Flask (I) was used to prepare the cesium precursor, and
Flask (II) was used for the lead halide precursor. The solutions in both flasks were stirred
vigorously throughout the reaction using magnetic stirring.
In Flask (I), 102 mg of Cs2CO3 was mixed with 0.32 mL of oleic acid and 5 mL of ODE.
Flask (I) was evacuated and heated to 120°C for 1 hour to remove water and oxygen. The flask
was then switched from vacuum to an argon environment, and the temperature was elevated from
120°C to 150°C. The temperature was held at 150°C for at least 1 hour to complete the reaction
between Cs2CO3 and oleic acid before adding the contents to Flask (II).
For the synthesis of CsPbCl3, 52 mg of PbCl2 was mixed in Flask (II) with 1.5 mL of oleic
acid, 1.5 mL of oleylamine, 1 mL of TOP, and 5 mL of ODE. For the synthesis of CsPbBr3, 68 mg
of PbBr2 was mixed with 1 mL of oleic acid, 1 mL of oleylamine, and 5 mL of ODE. For the
synthesis of CsPbI3, 87 mg of PbI2 was mixed with 0.7 mL of oleic acid, 0.7 mL of oleylamine,
and 5 mL of ODE. Flask (II) was evacuated and heated to 120°C for 1 hour to remove water and
oxygen. The lead halide powder dissolved during the first 20 mins of heating. The flask was then
switched from vacuum to an argon environment, and the temperature was elevated from 120°C to
170°C.
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A 1-mL syringe was used to transfer the cesium oleate solution from Flask (I) to Flask (II).
The syringe was evacuated and filled with argon gas three times before use. Next, 0.4 mL of the
cesium oleate solution was quickly taken from Flask (I) and injected into Flask (II) under argon
gas protection. After 60 s, Flask (II) was removed from the hot plate and immersed in an ice bath
to quench the reaction. After the reaction had cooled, the mixture in Flask (II) was transferred to a
centrifuge tube, which was purged with argon gas before use. The mixture was centrifuged at 8000
rpm for 5 mins. The supernatant was removed, and the precipitate was transferred into an argonfilled glovebox and dispersed in 20 mL of anhydrous hexane. The as-synthesized NCs were stored
in a nitrogen-filled glovebox and were stable as a colloidal solution for about 1 month before
aggregation started to occur. For each halide composition, all single-particle fluorescence data
reported in Chapter 3 and Chapter 4 were collected from the same batch of NCs within that time.

2.2.2 Synthesis of CsPbBr3@SiO2 Core/Shell Nanocrystals
The method reported by Zhong et al. was adapted to synthesize the CsPbBr3 NCs coated
with SiO2 shells (i.e., CsPbBr3@SiO2).2 We modified the reaction temperature and time to reduce
the aggregation of CsPbBr3@SiO2 NCs during the synthesis. Two 50-mL, round-bottom flasks
were connected to a Schlenk line and are referred to as Flask (I) and Flask (II) below. Flask (I)
was used to prepare the perovskite precursor, and Flask (II) was used to grow the SiO2 shell. The
solutions in both flasks were stirred vigorously throughout the reaction using magnetic stirring.
In Flask (I), 146.8 mg of PbBr2 and 85.1 mg of CsBr were mixed with 0.6 mL of
oleylamine, 1.8 mL of oleic acid, and 10 mL of DMF. Flask (I) was evacuated and purged with Ar
gas three times to remove oxygen. The flask was then heated to 90℃ under Ar for 1 hour. After a
clear solution formed, Flask (I) was allowed to cool to 40℃ in Ar. In Flask (II), 5 μL of TMOS
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was mixed with 10 mL of toluene. Flask (II) was evacuated and purged with Ar gas three times to
remove oxygen. The flask was then heated to 35℃ under Ar.
The CsPbBr3 NCs and SiO2 shells were grown simultaneously. First, 200 μL of an aqueous
solution of ammonia (2.8%, diluted from 28% with deionized water) was injected into Flask (I).
Then, 200 μL of the perovskite precursor solution from Flask (I) was swiftly injected into Flask
(II) under vigorous stirring (i.e., 500 rpm). After 10 s, the stirring rate was reduced to 180 rpm and
kept at this rate for 30 mins. Finally, the resulting colloidal solution that formed in Flask (II) was
collected and centrifuged at 9000 rpm for 5 mins. The supernatant and the precipitate were then
separated. The precipitate was redispersed in 2 mL of toluene, stored in a glovebox, and used for
ensemble characterization (the stock solution). The supernatant was also stored in a glovebox and
used for single-particle fluorescence microscopy.
CsPbBr3 NCs without SiO2 shells were synthesized used the same method. All the
experimental details were kept the same except for the shell growth step. No TMOS was added
during this step.

2.2.3 Synthesis of SiO2 Microspheres
SiO2 microspheres were synthesized by my colleague, Dr. Meikun Shen. 23.5 mL of
deionized water and 63.3 ml of isopropanol were mixed and heated to 35°C. Then, 13 mL of
NH3∙H2O (28%) was added. After 5 mins, 0.6 mL of tetraethyl orthosilicate (TEOS) was added to
the mixture dropwise. The mixture was stirred at 35°C for 30 minutes. After a white solution was
formed, 5 mL of TEOS was added dropwise, and the mixture were stirred at 35°C for another 2
hours. The mixture was collected and centrifuged at 8000 rpm for 5 minutes. The precipitate was
washed with deionized water three times through centrifugation, removal of the supernatant, and

34

redispersal in fresh water. The final precipitate was collected and dried overnight at 80°C inside
an oven. The as-synthesized SiO2 microspheres were stored in air.

2.3 Fabrication of Flow Cells
Home-made flow cells (see Figure 2.1) were prepared to monitor anion exchange at the
single-particle level using fluorescence microscopy. The NCs were first spin-coated onto a
microscope coverslip (Fisher brand, 12-544-E). To prepare each sample of CsPbX3 (X = Cl, Br,
or I) NCs on the coverslip, 20 L of the CsPbX3 solution was first diluted with 5 mL of hexane
(dilution factor of 250). The diluted CsPbX3 solution was spin-coated onto a coverslip at 3600
rpm for 20 s in air and annealed on a hot plate at 50C for 10 mins in a glovebox. To prepare the
CsPbCl3-xBrx sample (to study the backward exchange reaction), the diluted CsPbCl3 solution was
first spin-coated onto a coverslip in the same way. Next, the coverslip was brought into the
glovebox where it was washed with 1 mL of a TBAB solution in tert-butanol (10 g/mL = 31
mol/L) by tilting the coverslip and slowly dropping the TBAB solution onto the coverslip. The
coverslip was then rinsed with 1 mL of toluene and annealed on a hot plate at 50C for 10 mins.
Similarly, to prepare bromide-rich CsPbBr3-xI3 NCs produced by anion exchange of CsPbI3,
CsPbI3 NCs were first deposited onto a coverslip as described above. Then, the coverslip was
tilted, and 1 mL of a TBAB solution (10 μg/mL in tert-butanol) was slowly dropped onto the
coverslip. The coverslip was then washed with 1 mL of anhydrous hexane to remove excess
TBAB. To prepare iodide-rich CsPbBr3-xI3 NCs produced by anion exchange of CsPbBr3 NCs, we
followed the procedure reported by Kovalenko and coworkers. First, 60 mg of PbI2, 0.2 mL of
oleic acid, 0.2 mL of oleylamine, and 5 mL of ODE were added to a round-bottom flask, which
was then connected to a Schlenk line. The mixture was heated to 100C under vacuum. After the
lead halide powder was completely dissolved, the flask was switched to an argon environment and
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allowed to cool to 40C. Next, 1 mL of the CsPbBr3 NC stock solution was injected into the flask.
After 5 mins of anion exchange, the solution in the flask was collected and centrifuged at 12000
rpm for 8 mins. The precipitate was dispersed in 1 mL of hexane and stored in a glovebox.

Figure 2.1 Photo of a homemade flow cell.
Since the lead halide perovskite NCs are sensitive to air, we assembled the flow cells in a
glovebox. Double-sided tape was placed between a glass slide with two drilled holes (top) and the
coverslip with deposited NCs (bottom) to form the channel of the flow-cell. The perimeter of the
flow-cell was sealed with epoxy. Two plastic tubes were connected to the drilled holes to flow
solution through the cell. A solution of TBAX (X = Cl, Br, or I) was prepared and then further
diluted with 1-octadecene to the concentrations reported in Chapter 3 and Chapter 4. The ratio
of 1-octadecene and tert-butanol in these solutions was kept constant by adding extra tert-butanol
to the solutions of lower TBAX concentration.
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2.4 Fluorescence Microscopy
2.4.1 Imaging Anion Exchange Between CsPbCl3 and CsPbBr3 Nanocrystals
Single-particle fluorescence microscopy was performed using a Nikon N-STORM
microscopy system consisting of a Nikon Ti-E motorized inverted optical microscope and a Nikon
CFI-6-APO TIRF 100 oil-immersion objective lens with a numerical aperture of 1.49 and a
working distance of 210 m. A white light-emitting diode (X-cite 120 LED) was used as the
excitation source.

Figure 2.2 Illustration of the microscope field-of-view using either Chroma #49000-ET-DAPI or
Chroma #49002-ET-EGFP filter sets. Fluorescence emission from bromide-rich CsPbCl3-xBrx NCs
is detected, while emission from CsPbCl3 NCs is blocked.
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To watch the transformation of CsPbCl3 NCs to CsPbBr3, a filter cube (Chroma, set
#49000-ET-DAPI) was applied to select for ultraviolet wavelengths between 315 and 380 nm. The
emission filter had 90% transmission at wavelengths between 437 and 485 nm. The light intensity
and exposure time were typically set to ~15 μW/cm2 and 50 ms, respectively. To watch the
conversion of bromide-rich CsPbCl3-xBrx NCs that had already undergone anion exchange back to
CsPbCl3, a different filter cube (Chroma set #49002-ET-EGFP, excitation window: 450 – 490 nm,
emission window: 90% transmission between 500 and 540 nm) was applied to excite the NCs with
blue light. An illustration of the microscope field-of-view is shown in Figure 2.2. Using both filter
sets, the fluorescence emission from CsPbCl3 NCs is blocked, while the emission of bromide-rich
CsPbCl3-xBrx NCs is detected.
To monitor the exchange reaction, a solution of ODE and tert-butanol (25:1 volume ratio)
was first flowed into the flow cell using a syringe pump. As the emission filter used to observe
anion exchange blocks the majority of emission from the initial CsPbCl3 NCs (photoluminescence
maximum at 398 nm), a long exposure time (500 ms) was used for fine focusing of emission from
the initial CsPbCl3 NCs. After focusing, a TBAB solution of varying concentration (i.e., 1, 2, 3, 4,
6, or 10 g/mL = 3.1, 6.2, 9.3, 12.4, 18.6, or 31.0 mol/L, respectively) dissolved in ODE and tertbutanol (25:1 volume ratio) was flowed into the flow cell using a second syringe pump (the two
syringe pumps were connected to the same inlet tube using a 3-way connector valve) at a flow rate
of 7.5 mL/hr. A small gas bubble is introduced when switching between the two solutions, which
prevents the TBAB solution from being diluted by the solution in the tube. The gas bubble
indicates the approximate time the TBAB solution reaches CsPbCl3 NCs on the coverslip.
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An Andor iXon 897 electron-multiplying CCD with single-photon sensitivity (512512,
16 m pixels, > 90% quantum efficiency) was used to detect fluorescent signals from the NCs.
The Nikon Perfect Focus 3 system was used for rough focusing of the sample and to maintain focal
stability during the experiments. Videos of the changes in fluorescence intensity for NCs within
the field-of-view were recorded using the Nikon Elements software (Advanced Research 4.50).
Videos of the back-exchange reaction (CsPbCl3-xBrx to CsPbCl3) were recorded under the same
conditions, except a solution of TBAC was used instead of TBAB.

2.4.2 Imaging Anion Exchange Between CsPbBr3 and CsPbI3 Nanocrystals
The instrumentation used in this section was the same as described in Section 2.4.1. To
watch the transformation of CsPbI3 NCs to CsPbBr3, we first used a red filter set (Chroma #49005ET-DSRed, excitation window: 530 – 558 nm, emission window: 590 – 649 nm) to focus on
emission from the initial CsPbI3 NCs. We then switched to a green filter set (Chroma #49002-ETEGFP, excitation window: 450 – 490 nm, emission window: 500 – 540 nm) to image anion
exchange. In this case, the initial field-of-view is dark, and individual NCs become bright as they
undergo anion exchange. A solution of ODE and tert-butanol (25:1 volume ratio) was first flowed
into the flow cell. Next, a solution of TBAB in ODE and tert-butanol (25:1 volume ratio) was
flowed into the cell to trigger anion exchange. The flow rate was fixed at 20 mL/h by a syringe
pump. The concentrations of TBAB used were 1, 2, 3, 4, 6, and 10 μg/mL (i.e., 3.1, 6.2, 9.3, 12.4,
18.6, and 31.0 μmol/L). Fluorescent videos were recorded at a light intensity of ~29 μW/cm2 at
the focal plane using the green filter set. An Andor iXon 897 electron-multiplying CCD camera
(512 512, 16 m pixels, > 90% quantum efficiency) was used to detect fluorescence signals, and
the exposure time was 20 ms.
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To watch the transformation of CsPbBr3 NCs to CsPbI3, we first used the green filter set to
focus on emission from the initial CsPbBr3 NCs and then switched to the red filter set to image the
turn-on in emission as NCs underwent anion exchange. Solutions of TBAI in ODE and tert-butanol
(25:1 volume ratio) were used to trigger anion exchange. The concentrations of TBAI used were
1, 2, 3, 4, 6, and 10 μg/mL (i.e., 2.7, 5.4, 8.1, 10.8, 16.2, and 27.0 μmol/L). Fluorescent videos
were recorded at a light intensity of ~18 μW/cm2 at the focal plane using the red filter set and an
exposure time of 20 ms. For the back conversion of CsPbBr3-xI3 NCs that had already undergone
anion exchange, the green filter set was used to watch the conversion back to CsPbI3, and the red
filter set was used to watch conversion back to CsPbBr3. Illustrations of the microscope field-ofview using different filter sets are shown in Figure 4.6. For each of these transformations, the
initial field-of-view was bright, and the NCs became dark as they underwent anion exchange.

2.4.3 Imaging the Blinking of CsPbBr3@SiO2 Core/Shell Nanocrystals
The instrumentation used for this section was the same as described in Section 2.4.1. Each
sample was prepared in two steps. In the first step, SiO2 microspheres were dispersed in water at
a concentration of 1 mg/mL and spin-coated onto a coverslip at 3600 rpm. The coverslip was
annealed at 100℃ for 10 mins in air and allowed to cool to room temperature. In the second step,
the supernatant solution of CsPbBr3@SiO2 NCs (see Section 2.2.2) was diluted with toluene by a
factor of 200 and spin-coated onto the coverslip at 3600 rpm.
After sample deposition, the coverslip was assembled into a commercial flow cell, which
allowed N2 gas to be flowed over the NCs during the measurement. Prior to fluorescence imaging,
an image was taken using the differential interference contrast (DIC) mode to record the positions
of the SiO2 microspheres. The same area was then imaged under fluorescence mode. To record the
fluorescence intensity trajectories of the CsPbBr3@SiO2 NCs, a green filter set (Chroma #4900240

ET-EGFP, excitation window: 450 – 490 nm, emission window: 500 – 540 nm) was used. The
light intensity and exposure time were set to ~49 μW/cm2 and 20 ms, respectively. After initial
imaging, the flow cell was transferred into a glovebox and annealed at the desired temperature.
After annealing, the previously imaged area could be relocated based on the positions of the SiO2
microspheres using the DIC mode. In this case, the blinking behavior of the same particles were
compared before and after annealing.

2.5 Analysis of Single-Particle Trajectories
2.5.1 Analysis of Switching Times
The intensity trajectories (changes in fluorescence intensity versus time) for individual NCs
in the field-of-view were directly extracted from the videos as described in our previous work.3
Trajectories in which the turn off in emission was monitored (i.e., for back-exchange reactions)
were reversed along the time axis so that the waiting and switching times could be analyzed in the
same way as the forward reaction (i.e., turn on in emission).
The switching time (τ) for each NC was determined by fitting its intensity trajectory to a
sigmoidal curve. The sigmoidal function used for fitting was:

𝐼(𝑡) = 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +

(𝐼𝑓𝑖𝑛𝑎𝑙 − 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )
1 + 𝑒 (𝑏−𝑡⁄𝜏)

where Iinitial and Ifinal are the mean values of the fluorescence intensity in a 5-s window (100 data
points) at the start and end of an individual trajectory, respectively. As shown in Figure 2.3, a NC
with a broad transition during anion exchange will have a relatively large switching time while a
NC with a sharp transition will have a small switching time.
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Figure 2.3 Examples of the sigmoidal fitting (blue lines) of trajectories of two representative NCs
with a broad transition (black) and a sharp transition (red) during anion exchange, respectively.
The values of τ were fit for each single-particle trajectory using MATLAB. The ensemble
rise times for the integrated intensities (i.e., intensity over the entire field-of-view) at different
TBAX (X = Cl, Br, or I) concentrations were measured as the time it took for the intensity to rise
from 10% to 90% of the maximum intensity value.

2.5.2 Analysis of Waiting Times
The waiting time for each single-NC trajectory during anion exchange was determined by
finding the time point where the mean value of the intensity in a 0.5-s window (10 data points)
reached a threshold intensity, 𝑉:
𝑉 = 𝑚+3×𝜎
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where m is the mean value of the intensity calculated in a 5-s window (100 data points) for the
trajectory before the reaction starts, and σ is the standard deviation of a Gaussian fit to the intensity
fluctuations (i.e., noise) in that same region. Examples of waiting times of individual NCs are
shown in Figure 2.4.

Figure 2.4 Representative trajectories of five individual CsPbBr3 NCs as they transform to
CsPbBr3-xIx. The waiting time for each trajectory is marked by the dashed line.
To compare the waiting times and switching times at different TBAX (X = Cl, Br, or I)
concentrations, the time when the first NC was observed to change was set to a waiting time of 0
s. The waiting times for other NCs in the same field-of-view were then measured relative to the
turn on of the first NC. Histograms of the relative waiting times were fit to Gaussian functions.

2.5.3 Analysis of On Fraction and Probability Distribution
The on fraction characterizes the fraction of time that a NC is in a bright state and emitting
light during its fluorescence trajectory. MATLAB scripts used to analyze the on fraction of
individual NCs can be found in Appendix Ⅰ.1. Typically, the fluorescence intensities were
translated into binary on and off events by comparing the intensity at a given time point (using an
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exposure time of 20 ms) with a constant threshold value (i.e., several standard deviations above
the noise level). The on fraction was calculated by dividing the number of on events by total
number of events. As introduced in Chapter 1, the probability distribution provides information
about the blinking mechanism of a NC. The analysis of the probability distribution can be found
in Appendix Ⅰ.2.

2.6 Monte Carlo Simulations
2.6.1 Overview
The Monte Carlo simulations for anion exchange between CsPbCl3 and CsPbBr3 were done
by our collaborators, Dr. John Cavin in the laboratory of Rohan Mishra at Washington University.
The Monte Carlo method was used to simulate the anion exchange reactions. Each simulation
consisted of an ensemble of 200 NCs each with 20 sites where exchange events could occur. In
our models, we do not distinguish between the forward and backward reactions. At each time step,
a random NC is chosen. An ion exchange event takes place with probability pi, where pi is
determined by the energetics of the model. If the chosen NC has had all its ions exchanged or if pi
is less than a randomly chosen number between 0 and 1, the simulation continues to the next time
step without exchange. Otherwise, an ion is exchanged, and the simulation continues. This
procedure repeats until the average number of exchange events has reached 19.998.
The model is described by pi, which is determined by the equilibrium constant ki that is
determined by the exchange free energy ΔGi. The exchange free energy for each model is chosen
to simulate a particular physical mechanism. The relationships between these three variables are
given below:

k i = exp (−
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∆Gi
)
𝑘B T

pi =

ki
1 + ki

where kB is the Boltzmann constant, and T is the temperature.
We employed different models with different associated physical mechanisms and ΔGi.
For all our models, we assumed that the energy cost of the first exchange event is the same: ΔGi
with an associated k1 = 0.01. To simplify matters, ΔGi can be rewritten as a constant energetic cost
plus an ion-dependent term, Δgi, associated with the specific model in question:
∆Gi = ∆G1 + ∆g i
Below we outline the four models of the mechanics of anion exchange in CsPbX3
considered in these studies.

2.6.2 Diffusion-Limited Model
This model is the control case. In this case, ion exchange is purely diffusion-limited such
that previous exchange events bear no consequence for future ones. In this case, the energy
required to exchange is constant, and so Δgi = 0. While this model produces switching times that
are concentration dependent, the switching times for individual particles also occur on the same
time scale as the ensemble of particles, which is not observed experimentally.

2.6.3 Positive-Cooperativity Model
In positive cooperativity, each additional ion exchanged reduces the energy of the next
event by a constant amount. The result is a Δgi term that decreases linearly with i:
∆g i = –𝑎𝑖

45

In this expression, a is a proportionality factor that corresponds to the free energy reduction
in exchange events for every subsequent exchange event.
Routzahn and Jain previously studied cation exchange in CdSe NCs with Ag+ ions using
single-NC fluorescence.4 Similar to our system, individual fluorescence trajectories in CdSe NCs
exhibited much shorter switching times than the ensemble total. To explain this phenomenon, they
proposed positive cooperativity as the mechanism governing exchange energies. Using this model
in their simulations, Routzahn and Jain were able to reproduce abrupt NC transformations with a
distribution of waiting times corresponding to slower kinetics for the ensemble. The switching
times are insensitive to concentration in this model, in agreement with the experiments of Routzahn
and Jain for cation exchange in CdSe.

2.6.4 Exchange-Density Model
This model is an adaptation of the positive cooperativity model, but with an activation
barrier that decreases more gradually than the positive-cooperativity model. We argue that in the
miscible CsPbCl3-xBrx alloy system, high ion mobility and entropy-driven miscibility at room
temperature lead to a homogeneous distribution of exchanged ions. The overall reduction in
exchange energy will be proportional to the total number of exchanged sites. At a specific site
though, the exchange energy is proportional to the number of nearby sites that have already been
exchanged. In the continuous limit, the number of neighboring exchanged sites is proportional to
the density of exchanged sites, which is proportional to the total number of exchanges, i. These
two factors of i lead to a quadratic form of the exchange energy:
∆𝑔𝑖 = −𝛿𝑖 2
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2.6.5 Structural-Reorganization Model
This model is an adaptation of one that we previously developed to describe the
intercalation of CH3NH3Br into PbBr2 NCs in which there is a significant change in structure
during the transformation.3 In this model, Δ𝐺𝑖 for exchange is initially constant. After a critical
threshold of successful events in a particle (𝑖𝑐 = 5 in these simulations), the value of Δ𝐺𝑖 begins
to decrease with the number of events:
Δ𝑔𝑖 = 𝛿 × Δ𝐺1 ((𝑖 − 𝑖𝑐 + 1)−1⁄5 − 1) for 𝑖 ≥ 𝑖𝑐
where δ is an empirical constant = 2.4. Δ𝐺1 is the change in free energy for the first exchange event
in a particle. In our previous phase-transformation model, Δ𝑔𝑖 = 𝛿 × Δ𝐺1 ((𝑖 − 𝑖𝑐 + 1)−1⁄3 − 1),
and 𝑖𝑐 = 4 . Empirically, we found that the 𝑖 −1/5 dependence gave a better match to the
experimental waiting and switching times for the conversion of CsPbI3 NCs to CsPbBr3 described
in Chapter 4. The 𝑖 −1/5 dependence used in these simulations provides a less abrupt change in
Δ𝐺𝑖 , which is expected as the degree of structural reorganization when CsPbI3 NCs transform to
CsPbBr3 is smaller compared to when PbBr2 NCs transform into CH3NH3PbBr3.

2.7 Correlative Fluorescence Microscopy and Transmission
Electron Microscopy
The correlation of images obtained by fluorescence microscopy and transmission electron
microscopy (TEM) was done by following the method reported by Orfield et al.5 Correlation was
performed using TEM grids with 20-nm thick SiO2 supporting films (SiMPore Inc., SO100A20Q33A). Each TEM grid was first cleaned using an oxygen plasma treatment for 30 s. Then,
SiO2 microspheres dispersed in isopropanol were drop-cast onto the TEM grid. The TEM grid was
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annealed at 100C in air for 10 mins before the CsPbBr3@SiO2 supernatant solution (diluted 100
times with toluene) was drop-cast onto it.

Figure 2.5 Schematic of correlating TEM images with fluorescence microscopy images. The TEM
images (left row) are rotated parallel to the image plane so that they can match up with the optical
images (right row).
The NCs were first characterized by fluorescence microscopy using the same conditions
described in Section 2.4.3. The sample was then characterized by TEM using a JEOL 2100F
operating at 200 kV. A schematic of the correlation process is shown in Figure 2.5. In the first
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step, the TEM was set to a low magnification of 6k. The field-of-view imaged by fluorescence
microscopy can be relocated by the pattern of the TEM grid and the positions of SiO2
microspheres. In the second step, a medium magnification of 40k was chosen to include as many
SiO2 microspheres as possible while keeping the CsPbBr3@SiO2 NCs visible. The location of the
field-of-view under medium magnification is marked in the low magnification image in Figure
2.5. The NCs were also labeled in the medium magnification image. The NCs in this image can be
matched with the bright spots in the fluorescence images. In the third step, each NC within the
medium-magnification image was imaged under a high magnification of 400k.

2.8 Ensemble Characterization Methods
2.8.1 Photoluminescence Spectroscopy and Quantum Yield Measurement
Photoluminescence (PL) spectra for perovskite NCs dispersed in solution were measured
using a Cary Eclipse fluorescence spectrophotometer. The scan rate was set to medium, and the
step size was 1 nm. The conversion of CsPbCl3 NCs to CsPbCl3-xBrx via anion exchange was
monitored with PL spectroscopy (in Chapter 3). First, 60 L of the CsPbCl3 solution was diluted
with 3 mL of hexane and added to a cuvette (dilution factor of 50). Next, 30 L aliquots of a
TBAB solution in tert-butanol (10 mg/mL = 31 mmol/L) were sequentially added to the cuvette.
Before measuring each PL spectrum, the cuvette was mixed by shaking for 30 s.
Photoluminescence spectra were measured using an excitation wavelength of 300 nm. The
maximum in the PL spectra shifted to longer wavelengths after the addition of each aliquot of the
TBAB solution. However, the amount that the peak shifted decreased as more TBAB was added.
The anion exchange reaction was considered to be completed after the addition of 240 L (i.e.,
eight 30-L aliquots) of the TBAB solution, as the PL peak shifted less than 1 nm upon further
addition of TBAB. The PL intensity also gradually decreased over time, likely due to degradation
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of the NCs. Therefore, to compare the PL intensity of the CsPbCl3 and CsPbCl3-xBrx NCs, we also
added 240 L of the TBAB solution in one addition, shook the cuvette for 60 s, and measured the
PL spectrum.
Anion exchange reactions between CsPbBr3 and CsPbI3 NCs in colloidal solution were
monitored with PL spectroscopy (in Chapter 4). TBAI was used to transform CsPbBr3 NCs into
CsPbI3, and TBAB was used to transform CsPbI3 NCs into CsPbBr3. To prepare each sample, the
stock solution of CsPbBr3 or CsPbI3 NCs was first diluted by a factor of 100 by adding 50 μL of
the stock solution to 5 mL of hexane. Then, 1.5 mL of the diluted CsPbX3 solution and 1 mL of
hexane were added to a quartz cuvette. First, a PL spectrum of the initial CsPbX 3 NCs was
measured using an excitation wavelength of 400 nm. Then, aliquots of either the TBAB or TBAI
solution (0.3 mg/mL in tert-butanol) were added sequentially to the cuvette. The volume of
TBAB/TBAI for each addition was 60 and 80 μL, respectively. After each addition, the cuvette
was vigorously shaken for 30 s before measuring the PL spectrum. Anion exchange was considered
complete when further addition of the TBAB/TBAI solution led to shifts in the PL spectra of less
than 2 nm. The slit widths for excitation and emission were adjusted between 2.5 and 10 nm to
obtain spectra with maximum intensities of around 500 counts.
To collect PL spectra of the CsPbBr3@SiO2 NCs in solution and uncoated CsPbBr3 NCs
prepared by the same method (see Section 2.2.2), 0.5 mL of the supernatant solution of NCs and
2 mL of toluene were added to a quartz cuvette. The two samples were diluted with toluene to
match their absorbance at 400 nm. The PL spectra were collected using an excitation wavelength
of 400 nm. PL spectra of films of CsPbBr3@SiO2 NCs were collected using a Horiba Nanolog
spectrofluorometer. Films of CsPbBr3@SiO2 NCs were prepared by drop-casting the NC stock
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solution onto a coverslip in a glovebox. The sample without annealing was dried at room
temperature, and the sample with annealing was heated to 100℃ on a hotplate for 10 mins in a
glovebox.
An excitation wavelength of 400 nm, a slit width of 3 nm, and an integration time of 0.5 s
were used for collecting PL spectra of films of CsPbBr3@SiO2 NCs. The photoluminescence
quantum yield (PLQY) of each sample was calculated based on the PL measurement by the
following equation:

𝑃𝐿𝑄𝑌 =

0
𝐼𝑒𝑚 − 𝐼𝑒𝑚
× 100%
0
𝐼𝑒𝑥
− 𝐼𝑒𝑥

0
where 𝐼𝑒𝑚 and 𝐼𝑒𝑚
are the integrated emission intensities of the sample and substrate, respectively.
0
𝐼𝑒𝑥 and 𝐼𝑒𝑥
are the integrated excitation intensities absorbed by passing incident upon the sample

and the substrate, respectively.

2.8.2 UV-Vis Absorption Spectroscopy
UV-Vis absorption spectra of colloidal solutions of the perovskite NCs were collected
using a Cary 60 UV-Vis spectrophotometer. UV-Vis absorption spectra of films of CsPbBr3@SiO2
NCs were collected using a Lambda 950 UV/VIS Spectrometer. The same samples used for
collecting PL spectra (both in solution and on a coverslip) were used for the absorption
measurement.

2.8.3 X-ray Diffraction
X-ray diffraction (XRD) patterns were measured in air with a Bruker D8 Advance x-ray
diffractometer (Cu K= 0.15418 nm) in the Department of Earth and Planetary Sciences at
Washington University. A step size of 0.0195 in 2θ and a scan rate of 0.5 s/step was used.
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To prepare the CsPbCl3 samples (in Chapter 3), the CsPbCl3 NCs were first concentrated
by centrifuging 5 mL of the CsPbCl3 solution at 10,000 rpm for 5 mins. The supernatant was
removed, and the precipitate was dispersed in 1 mL of hexane (concentration factor of 5). The
concentrated CsPbCl3 solution was drop-cast onto a zero-background, silicon diffraction plate and
dried on a hotplate in a glovebox at 60C. The drop-casting procedure was repeated until a layer
of white powder on the substrate was visible by eye. To prepare the bromide-rich CsPbCl3-xBrx
sample, 1 mL of a TBAB solution in tert-butanol (20 mg/mL = 62 mmol/L) was added to 3 mL of
the CsPbCl3 solution. The mixed solution was centrifuged at 10,000 rpm for 5 min. The
supernatant was removed, and the precipitate was dispersed in 500 L of tert-butanol and 1 mL of
hexane. The mixed solution was then centrifuged again at 10,000 rpm for 5 min, the supernatant
was removed, and the precipitate was dispersed in 1 mL hexane. The concentrated CsPbCl 3-xBrx
solution was drop-cast onto a silicon diffraction plate and dried on a hotplate in a glovebox at
60C. The drop-casting procedure was repeated until a layer of green powder on the substrate was
visible by eye.
To prepare samples of CsPbBr3 and CsPbI3 NCs (in Chapter 4), the colloidal solutions
were first concentrated by centrifuging 2 mL of the stock solution at 12000 rpm for 8 mins,
removing the supernatant, and then dispersing the precipitate in 100 μL of hexane. Next, the
concentrated NC solution was drop-cast onto a zero-background, silicon diffraction plate in a
nitrogen-filled glovebox and dried at room temperature. To minimize the exposure of the
perovskite NCs to air and moisture, the XRD substrate was placed in a centrifuge tube filled with
nitrogen and sealed with parafilm in a glovebox to transport the sample from our laboratory to the
diffractometer. To prepare samples of CsPbBr3 and CsPbI3 NCs that had undergone anion
exchange, we followed the procedure reported by Kovalenko and coworkers.6 First, 60 mg of PbI2
52

(or PbBr2), 0.2 mL of oleic acid, 0.2 mL of oleylamine, and 5 mL of ODE were added to a roundbottom flask, which was then connected to a Schlenk line. The mixture was heated to 100C under
vacuum. After the lead halide powder was completely dissolved, the flask was switched to an
argon environment and allowed to cool to 40C. Next, 1 mL of the CsPbBr3 (or CsPbI3) NC stock
solution was injected into the flask. After 5 mins of anion exchange, the solution in the flask was
collected and centrifuged at 12000 rpm for 8 mins. The precipitate was dispersed in 1 mL of hexane
and stored in a glovebox. Before XRD characterization, the solution of anion exchanged NCs was
centrifuged at 12000 rpm for 8 mins. The supernatant was removed, and the precipitate was
dispersed in 100 μL of hexane. The concentrated solution was then drop-cast onto a zerobackground, silicon diffraction plate and allowed to dry in a glovebox at room temperature.
To prepared samples of CsPbBr3@SiO2 NCs, 2 mL of the CsPbBr3@SiO2 stock solution
was centrifuged at 1000 rpm for 5 mins. The supernatant was removed, and the precipitate was
redispersed in 100 μL of toluene. Next, the concentrated NC solution was drop-cast onto a zerobackground, silicon diffraction plate in a nitrogen-filled glovebox and dried at room temperature.
The control sample of uncoated CsPbBr3 NCs were prepared in the same way.
Structure files from the inorganic crystal structure database (ICSD) were used to simulate
the XRD patterns. The .cif file for each structure was used to simulate its XRD pattern using the
CrystalDiffract software program. The simulated patterns used an x-ray wavelength of 0.1541 nm,
a Gaussian peak profile, a peak width of 0.1°, and a particle size of 1.0 μm.

2.8.4 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics 5000
VersaProbe II Scanning ESCA (XPS) Microprobe system with a base pressure below 10-9 Torr at
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the Institute of Materials Science & Engineering (IMSE) at Washington University. The CsPbCl3
and CsPbCl3-xBrx samples were prepared in the same way for XPS as the XRD samples. The
CsPbBr3@SiO2 samples were prepared by drop-casting 200 μL of the stock solution onto a singlecrystal silicon substrate with the (111) orientation in a glovebox. The sample without annealing
was dried at room temperature, and the sample with annealing was heated to either 100℃ or 120℃
on a hotplate for 10 mins in the glovebox.
XPS data were acquired using the 1486.6 eV line from a monochromated Al Kα source at
150 W with a multichannel detector set to a pass energy of 23.5 eV for the high-resolution scans.
The peak positions in the bind-energy regions for Cs, Pb, Cl, Br, Si, O, and N photoelectrons were
calibrated based on the C 1s peak at 284.8 eV.

2.8.5 Transmission Electron Microscopy
Bright-field transmission electron microscopy (TEM) images were obtained using a JEOL
2100F field-emission scanning transmission electron microscope operated at an acceleration
voltage of 200 kV at the IMSE.
The preparation of all TEM samples were performed in a glovebox. To prepare CsPbCl3
samples (in Chapter 3), 100 L of the CsPbCl3 solution was typically diluted with 1 mL of hexane
(dilution factor of 10). 30 L of the diluted CsPbCl3 solution was drop-cast onto a copper TEM
grid (Ted Pella, Inc #01811) which was then dried on a hotplate in a glovebox at 60C. To obtain
CsPbCl3-xBrx NCs for bright-field TEM imaging, 100 L of TBAB dissolved in tert-butanol (5
mg/mL = 15.5 mmol/L) was drop-cast onto a TEM grid with deposited CsPbCl3 NCs. After 30 s,
the grid was washed with 100 L of hexane.
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To prepare CsPbBr3 and CsPbI3 samples, the NC stock solutions were first diluted by a
factor of 10. Next, 20 μL of the diluted solution was drop-cast onto a copper TEM grid and dried
at room temperature. To prepare samples of CsPbBr3 and CsPbI3 NCs that had undergone anion
exchange for characterization by TEM, 100 μL of either a TBAB or TBAI solution (2 mg/mL in
tert-butanol) was drop-cast onto a TEM grid in which CsPbI3 or CsPbBr3 NCs had been deposited,
respectively. The TEM grid was then washed with 100 μL of anhydrous hexane after 10 s and
dried at room temperature. To minimize the exposure of the perovskite NCs to air and moisture,
the prepared TEM grids were transported to the microscope in a nitrogen-filled plastic box sealed
with parafilm. To prepare samples of the CsPbBr3@SiO2 and the control CsPbBr3 NCs, the
supernatant solution of NCs was drop-cast onto a copper TEM grid. The samples without annealing
were dried at room temperature, and the samples with annealing were heated to 100℃ on a hotplate
for 10 mins in a glovebox.
STEM high-angle annular dark field (HAADF) imaging was carried out using the
aberration-corrected Nion UltraSTEMTM 200 (operating at 200 kV and equipped with a fifth-order
aberration corrector and a cold field emission electron gun) at Oak Ridge National Laboratory for
the samples described in Chapter 3. The CsPbCl3 and CsPbBr3 samples were prepared by the
direct hot-injection method as described in Section 2.4.1. To prepare the CsPbCl3-xBrx sample for
STEM-HAADF imaging, PbBr2 (0.025 mmol) was mixed with 1 mL of oleic acid, 1 mL of
oleylamine, and 5 mL of ODE and heated to 120°C under vacuum to remove water and oxygen.
The PbBr2 solution was then cooled to 40°C under argon gas protection, and a solution of CsPbCl3
NCs dispersed in toluene (~ 0.06 mmol) was swiftly injected into the PbBr2 solution. After 60 s,
the solution was transferred to a centrifuge tube, which had been purged with argon gas. The
solution was centrifuged at 8000 rpm for 5 mins. The supernatant was removed, and the precipitate
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was transferred into a nitrogen-filled glovebox and dispersed in 20 mL of hexane. For all three
samples, the NCs were transferred to a lacey carbon TEM grid by drop casting. After drop casting,
the TEM grids were baked at 100°C in vacuum to remove excess solvent and surface impurities
prior to STEM experiments. In STEM, precision is limited by the signal to noise ratio, and the
precision is in the vicinity of 4-5 pm.7, 8 To minimize the measurement error, each HAADF image
was acquired as a series of 20 frames. These frames were then aligned and subsequently integrated
to improve the signal to noise ratio and reduce instabilities.

2.8.6 Transient Absorption Spectroscopy
Transient absorption (TA) spectra were collected using a commercial TA spectrometer.
The measurement and data analysis were performed by our collaborator Jie Chen in the laboratory
of Richard Loomis at Washington University, following a previously reported procedure.9 The
same samples (i.e., films of CsPbBr3@SiO2 NCs) used for collecting the PL spectra were also used
for TA spectroscopy.
Typically, the CsPbBr3@SiO2 samples were excited by a femtosecond pulsed laser
centered at 435 nm (2.85 eV) and probed in a spectrum spanning from 821 nm (1.51 eV) to 400
nm (3.10 eV) at a frequency of 500 Hz. A low excitation fluence of 5.8 μJ cm -2 pulse-1 was used
to minimize the degradation of CsPbBr3@SiO2 NCs and non-linear effects. The temporal response
of the TA measurements was around 200 fs. For each sample, five consecutive TA data sets were
collected and averaged. The averaged results were chirp corrected. TA decay profiles at the
bandgap energies for each sample were fitted to an exponential growth, and a sum of three
exponential decays convoluted with a 200-fs Gaussian instrument response function.
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Chapter 3: Role of Solid-State Miscibility
during Anion Exchange in Cesium Lead
Halide Nanocrystals Probed by SingleParticle Fluorescence
Parts of this chapter are adapted with permission from Wang, D.; Cavin, J.; Yin, B.; Thind, A;
Borisevich, A.; Mishra, R.; Sadtler, B., Role of Solid-State Miscibility during Anion Exchange in
Cesium Lead Halide Nanocrystals Probed by Single-Particle Fluorescence. The Journal of
Physical Chemistry Letters 2020, 11, 952-959. Copyright © 2020 American Chemical Society.

3.1 Introduction
Colloidal cesium lead halide nanocrystals (CsPbX3 where X = Cl, Br or I) display high
photoluminescence (PL) quantum yields without the need for post-synthetic processing.1-9 The
wavelength of emission can be tuned across the visible range based on their size and composition
making these materials of significant interest for applications in light emission, such as lightemitting diodes and lasers.10-12 Anion exchange provides a facile method to tune the halide
composition and bandgap of CsPbX3 and CH3NH3PbX3 nanocrystals (NCs).6, 7, 13-16 Similar to
other solid-state transformations in NCs (e.g., cation exchange and ion intercalation),17-28 the high
surface-to-volume ratio and diffusion coefficients of ions enable this reaction to take place both
rapidly (i.e., on the time scale of seconds to minutes) and reversibly. For applications in solid-state
lighting, it is desirable to synthesize lead halide perovskite NCs of uniform size and composition
as heterogeneity in these parameters lowers the color purity. However, the interconversion
between CsPbX3 NCs of different halide compositions via anion exchange exhibits complex
reaction kinetics. Both the lattice constants and PL emission wavelength have been observed to go
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through different rates of change as the reaction progresses.29, 30 These changes in reaction rate are
supported by first-principles calculations that indicate CsPbCl3-xBrx and CsPbBr3-xIx mixed-halide
crystals with x = 2 are more stable than other halide compositions and may act as an intermediate
phase to hinder a continuous transformation.30-32 Furthermore, the kinetics for the CsPbBr3/CsPbI3
exchange pair have been shown to be sensitive to the surface chemistry of the NCs and the method
used to monitor the reaction (e.g., diffraction or photoluminescence). These observations suggest
that fundamental studies on the kinetics of anion exchange in individual CsPbX3 NCs are needed
to facilitate their production and incorporation into optoelectronic devices.
While anion exchange exhibits similarities to other chemical transformations in colloidal
semiconductor NCs, a unique feature of this reaction is the complete solid-state miscibility
exhibited between CsPbCl3 and CsPbBr3.31, 32 In this study, we aimed to determine how this high
miscibility affects the reaction trajectories of individual NCs undergoing anion exchange. SingleNC fluorescence microscopy been used to understand how heterogeneity among a population of
particles leads to the observed ensemble behavior.8, 9, 21-23, 33-45 Thus, we used changes in the
emission wavelength and intensity as a signature for when individual NCs undergo this
transformation. We observed distinct differences for this system compared to related solid-state
transformations where the initial and final crystals lack solid-solubility.21-23 Based on our
observations and previous ensemble kinetic studies, we develop a model in which the decrease in
activation barrier for successive anion exchange events is more gradual than systems that require
a phase transformation. Our results imply that the stochastic nature of reactivity among individual
NCs limits the compositional uniformity that is possible in CsPbCl3-xBrx NCs prepared by anion
exchange.
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3.2 Results and Discussion
3.2.1 Structural and Compositional Characterization
The structure, morphology, and composition of the as-synthesized CsPbCl3 NCs and the
anion exchanged CsPbCl3-xBrx NCs were characterized by transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM), x-ray diffraction (XRD) and x-ray
photoelectron spectroscopy (XPS). Figure 3.1(a) and (c) show a bright-field TEM image of
CsPbCl3 NCs synthesized using the method of Kovalenko and coworkers1 and the distribution of
edge lengths of the as-synthesized CsPbCl3 NCs, respectively. The NCs are platelet shaped with
an average edge length of 19.1 ± 5.0 nm (average ± 1st standard deviation). The CsPbCl3 NCs were
converted to cesium lead chlorobromide (CsPbCl3-xBrx) NCs on a TEM grid via anion exchange
using tetrabutylammonium bromide (TBAB) as the source of bromide anions. As shown in Figure
3.1(b) and (d), the shape and size of the CsPbCl3-xBrx NCs, which have an average edge length of
19.4 ± 3.9 nm (average ± 1st standard deviation), was preserved after anion exchange. The
thickness of the as-synthesized CsPbCl3 NCs was measured with STEM images. Figure 3.2 shows
high-angle annular dark field (HAADF) images of aggregates of CsPbCl3 NCs. The thicknesses of
the nanoplates were measured to range from 3 to 5 nm.
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Figure 3.1 (a) Bright-field TEM image of the as-synthesized CsPbCl3 NCs. (b) Bright-field TEM
image of CsPbCl3-xBrx NCs after anion exchange. The scale bars are 100 nm. (c) Histogram
showing the distribution of edge lengths for the initial CsPbCl3 NCs. (d) Histogram showing the
distribution of edge lengths for the CsPbCl3-xBrx NCs following anion exchange.
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Figure 3.2 STEM-HAADF images of aggregates of CsPbCl3 NCs used to measure the thicknesses
of the platelets.
Figure 3.3(a) shows powder XRD patterns of the CsPbCl3 NCs before and after anion
exchange. The XRD pattern of the CsPbCl3 NCs matched the expected diffraction pattern for
orthorhombic CsPbCl3. Peaks in the XRD pattern of the converted CsPbCl3-xBrx NCs showed a
shift to smaller angles compared to the pattern for CsPbCl3. However, the peaks for the product
NCs were still at higher angles relative to the expected diffraction pattern for orthorhombic
CsPbBr3, which indicates that the product NCs contain residual chloride ions. Assuming a linear
shift in lattice constant with anion composition, as reported for alloys using first-principles
calculations,31 the approximate composition after anion exchange is CsPbClBr2 (i.e., x = 2). Figure
3.3(b) shows an expanded view of the XRD pattern for CsPbCl3-xBrx NCs prepared by anion
exchange. The presence of Cs4PbBr6 as an impurity was observed when the CsPbCl3-xBrx NCs
were prepared for XRD analysis in which a higher concentration of NCs was used than for TEM
and fluorescence microscopy.24-27 As Cs4PbBr6 has been reported to be non-fluorescent at visible
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wavelengths,24-27 this impurity phase does not show up in the fluorescence microscopy studies
described below.

Figure 3.3 (a) XRD patterns of the as-synthesized CsPbCl3 NCs (red) and the CsPbCl3-xBrx NCs
(green) after anion exchange. The blue and gray traces show simulated powder XRD patterns made
using ICSD collection codes #243735 for CsPbBr3 and #243734 for CsPbCl3. (b) Expanded view
of the XRD pattern for CsPbCl3-xBrx NCs prepared by anion exchange (green). The blue and black
traces show simulated powder XRD patterns made using ICSD collection code #243735 for
CsPbBr3 and #162158 for Cs4PbBr6. The peaks marked with asterisks correspond to Cs4PbBr6.
The peaks marked with stars could belong to either CsPbBr3 or Cs4PbBr6.

63

Figure 3.4 X-ray photoelectron spectra showing the binding energy regions for (a) Cs 3d, (b) Pb
4f, (c) Cl 2p and (d) Cs 4d and Br 3d electrons. The gray traces show the spectra of the initial
CsPbCl3 NCs, and the red traces show the spectra of CsPbCl3-xBrx NCs following anion exchange.
The measured binding energies are listed in Table 3.1 below.
The presence of chloride in the product NCs following anion exchange was further
confirmed by x-ray photoelectron spectroscopy (XPS) (Figure 3.4). Binding energies for Cs 3d,
Pb 4f, Cl 2p and Br 3d electrons measured by XPS are summarized in Table 3.1. The measured
binding energies match previously reported values. No significant differences in binding energies
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were observed between the CsPbCl3 and CsPbCl3-xBrx samples. As shown in Figure 3.4 (c) and
(d), chloride was detected before and after anion exchange while bromide was only detected after
anion exchange.
Table 3.1 Binding energies for Cs 3d, Pb 4f, Cl 2p and Br 3d electrons measured by XPS.
Element

Orbital

Binding energy (eV)

3d3/2

738

3d5/2

724.1

4f5/2

143

4f7/2

138.1

2p1/2

199.2

2p3/2

197.7

3d3/2

69

3d5/2

68.2

Cs

Pb

Cl

Br

To further investigate the localized structural changes occurring within individual NCs as
a result of anion exchange, we have performed atomic resolution STEM imaging. Figure 3.5
shows atomic resolution HAADF images of single CsPbCl3 and CsPbCl3-xBrx NCs, respectively,
viewed along the [101] direction of the orthorhombic polymorph. In this imaging mode, the
intensity of individual atomic columns is approximately proportional to the squared atomic number
(~Z2) of the column.46 Hence, the brightest atomic columns correspond to Pb-(Cl/Br) followed by
the Cs atomic columns. The lighter Cl (Z = 17) atomic columns in CsPbCl3 (Figure 3.5(a)) are not
visible as they cause weak elastic scattering of the electrons. However, the mixed Cl/Br columns
in CsPbCl3-xBrx (Figure 3.5(b)) are visible because of the heavier Br atoms (Z = 35). We do not
observe any discernible segregation of Cl/Br ions, which would have resulted in missing anion
65

columns that were rich in Cl. As shown in Figure 3.5(c), the anion exchange process is
accompanied by the shifts in the XRD pattern to lower angles because of the increase in lattice
constant of the ensemble as the concentration of Br increases. Based on STEM-HAADF image
analysis, we provide the changes in Cs-Cs (Δ) and Pb-Cs (δ) in-plane bond distances within
individual CsPbCl3, CsPbCl3-xBrx and CsPbBr3 NCs in Figure 3.5(c) and compare them with
previously reported bond distances.47 The average values of Δ (Cs-Cs) from HAADF images for
CsPbCl3 and CsPbBr3 NCs are 5.58 ± 0.04 and 5.85 ± 0.04 Å, respectively, which compare well
with the reported values of 5.59 and 5.84 Å. Similarly, the values of δ (Pb-Cs) from HAADF
images for CsPbCl3 and CsPbBr3 NCs are 3.95 ± 0.05 and 4.14 ± 0.05 Å respectively. They are in
good agreement with the reported values of 3.96 and 4.14 Å for CsPbCl3 and CsPbBr3,
respectively. Both Δ (Cs-Cs) and δ (Pb-Cs) increase as the concentration of Br increases, and the
values of Δ = 5.65 ± 0.04 Å and δ = 4.00 ± 0.04 Å for CsPbCl3-xBrx are intermediate between the
two end members. Using Vegard’s law, both measurements lead to an average composition with
x = 0.76 ± 0.04. Thus, STEM-HAADF imaging reveals a steady lattice expansion of individual
NCs upon Cl/Br exchange with no apparent clustering of the halide ions.
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Figure 3.5 Atomic-resolution STEM-HAADF images of (a) a CsPbCl3 NC and (b) a CsPbCl3−xBrx
NC with their overlaid atomic model showing the [101] projection of the crystal structure. Scale
bars correspond to 1 nm. (c) Comparison of the change in bond distances for different anion
compositions as obtained from STEM-HAADF and those provided in a previous report.47 Error
bars correspond to one standard deviation in the spacing measurements.
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3.2.2 Ensemble Optical Characterization
Optical spectroscopy was next used to monitor anion exchange in CsPbX3 NCs based on
systematic shifts in the optical band gap with composition.1, 4, 6, 13 Figure 3.6 shows UV-vis
absorption and PL spectra of colloidal solutions of both CsPbCl3 and CsPbCl3-xBrx NCs. The
maxima in the first exciton absorption peak shifted from 390 nm for the initial CsPbCl3 NCs to
492 nm after anion exchange, similar to previous reports.1, 2, 6, 13 Furthermore, the integrated PL
intensity increased by over 30 times after anion exchange, consistent with the higher PL quantum
yield typically exhibited by CsPbBr3 compared to CsPbCl3 NCs.7 Both the initial and product NCs
exhibit weak quantum confinement based on the appearance of exciton peaks and the blue shift of
the fluorescence maxima relative to the bulk band gaps of CsPbCl3 and CsPbBr3.1 Although the
average edge length of the platelet NCs is over 19 nm, the thicknesses of the nanoplates vary from
3 to 5 nm (Figure 3.2), which leads to quantum confinement, similar to previous reports.3, 6, 36, 48
Figure 3.7(a) shows the change in PL spectra after successive aliquots of TBAB were added to a
colloidal solution of CsPbCl3 NCs. The maxima in the PL spectra red shifted continuously from
398 nm (3.12 eV) to 505 nm (2.46 eV) as the total amount of TBAB added was increased (Figure
3.7(b)). The full widths at half maxima for the Gaussian fits of the PL spectra varied between 0.09
and 0.13 eV (see Table 3.2). This gradual shifting of the PL maxima is a result of the high
miscibility of CsPbCl3 and CsPbBr3 along with rapid exchange kinetics for nanoscale crystals such
that the anion composition in the NC lattice reflects the overall ratio of Cl– to Br– anions.13, 15, 29
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Figure 3.6 UV−vis absorption (solid lines) and PL (dashed lines) spectra of CsPbCl3 NCs
dispersed in hexane before and after anion exchange. The spectra of the initial CsPbCl 3 NCs are
shown in gray, and the spectra of the CsPbCl3−xBrx NCs are shown in red.

Figure 3.7 (a) Normalized PL spectra of CsPbCl3 NCs after the addition of increasing amounts of
a TBAB solution in tert-butanol with a concentration of 10 mg/mL (31 mmol/L). Sixty microliters
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of the stock solution of CsPbCl3 NCs was diluted by a factor of 50 for the ensemble anion exchange
experiments. (b) Energies of the PL maxima for the same CsPbCl3−xBrx NCs as a function of the
amount of TBAB added. The excitation wavelength was 300 nm for all PL spectra. Values of the
peak positions and their corresponding full widths at half-maximum are provided in Table 3.2.
Table 3.2 Additional details for the fluorescence spectra shown in Figure 3.7(a): amount of TBAB
added, the maximum of the corresponding PL spectrum, and its full width at half maximum
(FWHM).
Volume of
TBAB
(μL)

Moles of
TBAB
(μmole)

Peak
position
(nm)

Peak
position
(eV)

FWHM
(nm)

FWHM
(eV)

0

0

399

3.11

13.6

0.11

30

0.93

441

2.81

19.2

0.12

60

1.86

463

2.68

21.6

0.13

90

2.79

477

2.60

21.6

0.12

120

3.72

486

2.55

20.7

0.11

150

4.65

492

2.52

20.0

0.10

180

5.58

497

2.49

19.4

0.10

210

6.51

500

2.48

19.0

0.09

240

7.44

503

2.47

18.4

0.09

3.2.3 Single-Particle Fluorescence Microscopy
We used the red shift and increase in PL intensity upon anion exchange from Cl– to Br– to
monitor this transformation in single NCs by fluorescence microscopy. The experimental setup is
similar to that used in our previous studies on ion intercalation in PbBr2 NCs23 as well as work by
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Routzahn and Jain on cation exchange in CdSe NCs.21, 22 Chapter 2 provides further details of the
instrumentation and procedure. A schematic of the experimental setup is shown in Figure 3.8.
Briefly, a solution of the CsPbCl3 NCs is diluted (250) and spin-coated onto a microscope
coverslip which forms the bottom half of a flow cell. A TBAB solution of varying concentration
(1 to 10 g/mL) dissolved in 1-octadecene (ODE) and tert-butanol (25:1 volume ratio) is then
introduced into the flow cell using a syringe pump. Ultraviolet illumination (315 – 380 nm) is sent
through the objective of an inverted microscope to photoexcite NCs on the coverslip. Due to
differences in band gap energy, the emission filter blocks light emitted from the initial CsPbCl3
NCs. While there is heterogeneity in the fluorescence maximum for different NCs, our ability to
watch individual NCs undergo anion exchange relies on the large spectral shift (~100 nm) and
increased fluorescence brightness during this reaction. After the TBAB solution is introduced,
fluorescent spots begin to appear in the field-of-view, indicating the transformation of CsPbCl3
NCs to CsPbCl3-xBrx.
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Figure 3.8 Experimental setup used to monitor anion exchange in single CsPbX3 NCs with
fluorescence microscopy.
Figure 3.9(a-d) shows a section of the microscope field-of-view at different times during
the transformation of individual NCs at a TBAB concentration of 1 μg/mL (3.1 mol/L); a typical
field-of-view contained ~500 NCs. Changes in fluorescence intensity integrated over of the entire
field-of-view following the introduction of TBAB are shown in Figure 3.10 for two different
TBAB concentrations (1 and 10 g/mL). The integrated intensity rise is more abrupt at the higher
TBAB concentration. For TBAB concentrations lower than 1 μg/mL, the appearance of bright
fluorescent spots was not observed. At TBAB concentrations greater than 10 μg/mL (31 mol/L),
emission from individual NCs was observed to degrade at a similar timescale to the transformation.
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We used a light intensity (15 W/cm2 at 350 nm) that is lower than the intensities (mW/cm2 to
W/cm2) typically needed to observe photoinduced reactions in lead halide perovskite films, such
as halide segregation.9, 49-52 The influence of excitation wavelength and intensity is discussed
below in Section 3.2.5.

Figure 3.9 Selected frames from a fluorescence video recording during the transformation of
CsPbCl3 NCs to CsPbCl3−xBrx at a TBAB concentration of 1 μg/mL (3.1 μmol/L). The scale bars
are 10 μm in all images; the contrast of the images has been inverted, and only a portion of the
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entire microscope field of view is shown. The time points in the top right corner were measured
relative to when the TBAB solution was injected into the flow cell. The scale bars are 10 μm.
Representative intensity trajectories for individual NCs at different TBAB concentrations
are shown in Figure 3.10. Once the exchange reaction has occurred, emission from individual
CsPbCl3-xBrx NCs exhibited fluorescence intermittency as has been previously observed for lead
halide perovskite NCs.38-42 Blinking in CsPbCl3-xBrx NCs prepared by in situ anion exchange under
the microscope was similar to NCs that were converted prior to imaging (see Section 3.2.5 for a
detailed discussion). Clusters of NCs with overlapping emission profiles within a diffractionlimited region could be distinguished from single NCs based on their intensity profiles (see Section
3.2.5 for a detailed discussion)44, 45 and were removed from subsequent analysis. A wide range of
turn-on times was observed for different NCs within the same field-of-view, similar to other solidstate transformations that have been studied by fluorescence microscopy.21-23 At the flow rate used
in these experiments (7.5 mL/hour), the anion exchange reactions were not limited by the diffusion
of Br- ions in solution (see Section 3.2.5 for a detailed discussion). Thus, the slow rise in the
integrated intensity for the ensemble of NCs is attributed to the stochastic nature of turn-on events
for individual NCs.
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Figure 3.10 (a) Integrated intensity vs. time over the entire field of view (top) using a TBAB
concentration of 1 μg/mL (3.1 μmol/L) along with representative trajectories for individual NCs
(bottom). (b) Integrated intensity and single-particle intensities using a TBAB concentration of 10
μg/mL (31.1 μmol/L) along with representative trajectories for individual NCs (bottom). The time
points in the x-axes were measured relative to when the TBAB solution was injected into the flow
cell. The labeled time points in panel (a) corresponded to the video frames shown in Figure 3.9.

3.2.4 Concentration Dependences of Waiting and Switching Times
To quantify differences in the fluorescence trajectories of individual NCs, the time needed
for each NC to reach a threshold intensity (three standard deviations above the noise) was
measured for hundreds of NCs at different concentrations of TBAB. We refer to this value as the
waiting time for the NC to turn on. To compare the distributions of waiting times at different
concentrations of TBAB, the first NC to turn on at a given TBAB concentration was assigned a
waiting time of 0, and the waiting times for all other NCs in the field of view were measured
relative to the first one. Histograms of the relative waiting times for single NCs transformed using
different concentrations of TBAB are plotted in Figure 3.11. These distributions were fit to
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Gaussian functions as shown in Figure 3.12(a). The distributions of waiting times show a strong
dependence on the TBAB concentration. As the TBAB concentration increases, both the mean
relative waiting time and the FWHM of the Gaussian fit decrease (Figure 3.12(b)).

Figure 3.11 Histograms of the relative waiting times for anion exchange from CsPbCl3 to CsPbCl3xBrx

in single NCs. The concentrations of TBAB used were (a) 1 µg/mL (3.1 µmol/L), (b) 2 µg/mL

(6.2 µmol/L), (c) 3 µg/mL (9.3 µmol/L), (d) 4 µg/mL (12.4 µmol/L), (e) 6 µg/mL (18.6 µmol/L),
and (f) 10 µg/mL (31.1 µmol/L). For each histogram, a relative waiting time of 0 seconds
corresponds to the first NC to transform among the population.
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Figure 3.12 (a) Gaussian fits to the distributions of relative waiting times for single NCs following
anion exchange using different concentrations of TBAB. (b) The dependence of mean relative
waiting times (red squares) on TBAB concentration. The FWHM (blue circles) at each TBAB
concentration were measured using the Gaussian fit to the distribution of waiting times shown in
panel (a) and Figure 3.11. For both traces, the lines between data points are guides to the eye.
The waiting time for each NC to turn on includes an “incubation time” in which the TBAB
solution has entered the field-of-view, but the NC has not yet started to transform. To exclude the
incubation component, we next fit the intensity rise for each NC trajectory to a sigmoidal function
to extract the switching time, τ, for the NC.21-23 A sharper intensity rise will lead to a smaller
switching time. As shown in Figure 3.13, both the mean value of single-NC switching times and
the standard deviation in the distribution of switching times decrease as the TBAB concentration
increases. Thus, the sharper integrated intensity rise for the ensemble of NCs at higher TBAB
concentration results from both the narrowing of the distributions of waiting and switching times
and their shifts toward shorter times. While a systematic investigation of how the waiting and
switching times depend on the shape and size of the NCs in ongoing, these same trends were
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observed for anion exchange in CsPbCl3 NCs with larger average dimensions (see Section 3.2.5
for a detailed discussion).

Figure 3.13 Comparison of the ensemble intensity rise (purple circles) and the mean of individual
NC switching times (red squares) using different concentrations of TBAB. The error bars represent
one standard deviation in the distribution of switching times. For both traces, the lines between
data points are guides to the eye.
We also investigated the back conversion of CsPbCl3-xBrx NCs to CsPbCl3 with
tetrabutylammonium chloride (TBAC) as the chloride source. Figure 3.14 shows representative
intensity trajectories for individual NCs at different TBAC concentrations. Different from the
forward transformation discussed above, the CsPbCl3-xBrx NCs are initially bright under the
microscope and become dark after they transform to CsPbCl3. The concentration dependences of
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the waiting and switching times for both the forward and backward transformations are shown in
Figure 3.15. Both the mean values of waiting times and switching times for the back exchange of
single NCs show a similar dependence on the TBAB concentration as the forward transformation.

Figure 3.14 Representative single-particle intensity trajectories for the backward transformation
(i.e., CsPbCl3-xBrx to CsPbCl3) using TBAC concentrations of (a) 1 µg/mL (3.6 µmol/L) and (b)
10 µg/mL (36.1 µmol/L).
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Figure 3.15 Mean relative waiting times (black traces) and switching times (red traces) as a
function of added halide concentration for forward exchange (CsPbCl3 to CsPbCl3-xBrx, solid lines)
and backward exchange (CsPbCl3-xBrx to CsPbCl3, dashed lines). The x-axis is the concentration
in µmol/L of TBAB for the forward transformation and TBAC for the backward transformation.
For all traces, the lines between data points are guides to the eye.

3.2.5 Factors Influencing the Single-Particle Measurements
In this section, we first discuss the influence of NC size, excitation light, and flow rate on
the analysis of waiting and switching times. Next, we compare the blinking of CsPbCl3-xBrx NCs
prepared by in situ anion exchange in a flow cell to those converted on a coverslip prior to imaging.
Finally, we discuss the method used to distinguish clusters from single NCs.
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Figure 3.16 (a) TEM image of CsPbCl3 NCs synthesized using a temperature of 120°C. (b)
Experimental mean relative waiting times (black squares) and switching times (red circles) for
anion exchange in single NCs as a function of added TBAB concentration.
While a systematic investigation of how the waiting and switching times depend on the
shape and size of the NCs in ongoing, we observed the same trends for anion exchange in CsPbCl3
NCs with different average sizes. As shown in Figure 3.16(a), CsPbCl3 NCs with an average edge
length of 28 ± 4 nm (average ± 1st standard deviation) and a thickness of 4.2 ± 0.5 nm (average ±
1st standard deviation) were synthesized using a temperature of 120°C. These NCs have a greater
tendency to form stacked assemblies that lie on their sides during the drop-casting procedure used
for TEM sample preparation. As described in Section 2.3, samples used for single-particle
fluorescence were prepared by spin coating solutions with a dilution factor of 250×. Thus, these
assemblies are not expected to be present in the single-particle fluorescence studies. The
concentration dependences of waiting and switching times for anion exchange in these larger
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CsPbCl3 NCs are shown in Figure 3.16(b). While this batch of NCs has larger average dimensions
compared to the ones described in Section 3.2.4, they show the same trend where both the mean
values of waiting times and switching times decrease with increasing TBAB concentration
(compare Figures 3.15 and 3.16(b)).

Figure 3.17 Comparison of (a) the mean relative waiting times and (b) the mean of individual
switching times measured using different excitation and emission filters in the fluorescence
microscope and at different concentrations of TBAB. The maximum wavelength of the excitation
filter and the irradiance measured near the focal plane of the objective are provided in the legend
of each panel. The error bars represent one standard deviation in the distribution of waiting and
switching times.
To better understand the influence of excitation light on waiting and switching times for
anion exchange reactions, we measured the relative waiting times and individual switching times
using different excitation wavelengths (i.e., 350 nm and 470 nm) and intensities (i.e., 15, 45 and
138 μW/cm2) with the fluorescence microscope and at different concentrations of TBAB (Figure
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3.17). Similar concentration dependences of waiting and switching times were observed under
these different excitation conditions.

Figure 3.18 (a, b) The waiting times for different NCs within the same field-of-view plotted vs.
their pixel position along the x-axis (a) and y-axis (b) of the EMCCD camera. (c, d) The switching
times for different NCs within the same field-of-view plotted vs. their pixel position along the xaxis (c) and y-axis (d) of the EMCCD camera. The TBAB concentration used was 1 μg/mL for all
four panels.

83

We investigated the influence of flow rate by plotting the waiting and switching times for
different NCs vs. their pixel position on the EMCCD camera (Figure 3.18). For individual NCs
within the same field-of-view, both the waiting and switching times randomly distributed along
the x-axis and y-axis of the camera. Neither of the waiting nor switching time of individual NCs
were correlated with their location. Thus, we suggest that the flow rate of 7.5 mL/h is sufficient
for the anion exchange reaction to control when an individual NCs becomes bright rather than a
diffusion gradient of ions in solution.
We compared the blinking of CsPbCl3-xBrx NCs prepared with and without photoexcitation
during anion exchange and in different environments. Three representative fluorescence
trajectories are shown in Figure 3.19. To prepare CsPbCl3-xBrx NC by ex situ anion exchange
(Figure 3.19(a) and (b)), CsPbCl3 NCs were first spin coated onto a glass coverslip, which was
then washed with a TBAB solution in tert-butanol (10 μg/mL = 31.1 μmol/L) in a glovebox. The
fluorescence trajectories were measured in air and in ODE, respectively. Figure 3.19(c) shows a
segment of the intensity trajectory following the initial intensity rise for a CsPbCl3-xBrx NC
prepared in situ under the microscope using a TBAB concentration of 1 µg/mL (3.1 μmol/L). No
observable differences were found among these trajectories.
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Figure 3.19 (a) Intensity trajectory of a CsPbCl3-xBrx NC prepared by ex situ anion exchange and
measured in air. (b) Intensity trajectory of a CsPbCl3-xBrx NC prepared by ex situ anion exchange
and measured in ODE. (c) Intensity trajectory of a CsPbCl3-xBrx NC prepared by in situ anion
exchange. Each of the black traces on the left-hand side shows a segment of the intensity trajectory
for a single NC. Each of the blue traces shows the background intensity in a nearby region not
containing any particles. Histograms of intensity values for each of the NCs are shown to the right.
As discussed in Section 1.3.2, it is important to exclude clusters of NCs from our analysis
of single particles. We distinguished clusters of NCs from single NCs based on the analysis of
their fluorescence intensity trajectories. Figure 3.20 shows three representative intensity
trajectories for single CsPbCl3-xBrx NCs. Similar to previous studies on single-particle
fluorescence,11-15 the intensity values for individual CsPbCl3-xBrx NCs show fluorescence
intermittency with a bimodal distribution of on and off states. Figure 3.21 shows three
representative intensity trajectories for clusters of CsPbCl3-xBrx NCs. Unlike the trajectories for
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single NCs, clusters do not show clear on and off states due to the lack of synchronicity among the
fluorescence blinking from individual particles within the cluster. Based on these differences, we
were able to exclude clusters and focus our analysis on single CsPbCl3-xBrx NCs.

Figure 3.20 Representative intensity trajectories for single CsPbCl3-xBrx NCs following in situ
anion exchange using a TBAB concentration of 2 µg/mL (6.2 µmol/L). Each of the black traces
on the left-hand side shows a segment of the intensity trajectory for a single NC. Each of the blue
traces shows the background intensity in a nearby region not containing any particles. Histograms
of intensity values for each of the NCs are shown to the right.
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Figure 3.21 Representative intensity trajectories for clusters of CsPbCl3-xBrx NCs following in
situ anion exchange using a TBAB concentration of 2 µg/mL (6.2 µmol/L). Each of the black
traces on the left-hand side shows a segment of the intensity trajectory for a cluster of particles.
Each of the blue traces shows the background intensity in a nearby region not containing any
particles. Histograms of intensity values for each of the clusters are shown to the right.

3.2.6 Comparison of Nanocrystal Transformations in Miscible and
Immiscible Systems
Single-particle fluorescence microscopy has been previously used to study cation exchange
between CdSe and Ag2Se NCs as well as the intercalation of CH3NH3Br into PbBr2 NCs to form
CH3NH3PbBr3.21-23 Waiting and switching times for these transformations were measured as a
function of reactant concentration (i.e., AgNO3 or CH3NH3Br). Similar to our results, in both cases
the distribution of waiting times narrowed as the reactant concentration increased. For all three
reactions, the ensemble intensity rise comprises abrupt transitions for individual NCs that exhibit
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a distribution of incubation times before they transform. However, a significant difference
observed in these prior cases was that the switching times were insensitive to the reactant
concentration. We propose that differences in the solid-state miscibility between the initial and
final crystals are responsible for the differences in switching times observed for these NC
transformations. Both the CdSe/Ag2Se and PbBr2/CH3NH3PbBr3 crystal pairs lack solid solubility
due to significant differences in the arrangement of ions before and after the reaction.17, 18 Thus, in
both of these transformations the new phase must first nucleate within the parent lattice.
In the case of anion exchange between CsPbCl3 and CsPbBr3, the initial and final crystals
possess complete solid miscibility due to their similarity in structure (both are orthorhombic) and
anionic radii.13, 32 Furthermore, activation barriers for halide diffusion in lead halide perovskites15,
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are smaller than for both Cd2+/Ag+ exchange in CdSe54 as well as for CH3NH3+ diffusion in lead

halide crystals.15, 53, 55 The high diffusion coefficients of halide anions within CsPbX3 crystals lead
to a uniform composition within the NC as ions are exchanging in and out,15, 16, 29 which is
confirmed by our atomic-resolution STEM characterization (Figure 3.5).

3.2.7 Exchange Density Model for Anion Exchange in Miscible Systems
The Monte Carlo method was applied to simulate the chemical reactions in immiscible and
miscible systems. A detailed description on this method can be found in Section 2.6. We
previously simulated the effect of phase transformation on waiting and switching times in
immiscible systems by incorporating an activation barrier for reaction events (e.g., ion
intercalation or exchange) in a particle that decreased after a threshold number of events had been
reached.23 Monte Carlo trajectories were used to simulate the transformation of individual NCs,
and the probability for each reaction event depended on the free energy change for that step. When
we incorporated a free energy change, ΔGi (where i is the number of reaction events in a trajectory),
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that decreased after a critical number of reaction events, the simulated waiting times decreased
with reactant concentration while the switching times were insensitive to concentration, matching
experimental observations for solid-state transformations that lack solid solubility.

Figure 3.22 Simulated median waiting times (black traces) and switching times (red traces) for (a)
diffusion-limited model; (b) positive-cooperativity model; (c) staggered-cooperativity model and
(d) exchange-density model. The dashed lines show a/x+c fits.
Based on the comparison described in Section 3.2.6, we reasoned that the activation barrier
for exchange events in a miscible system should decrease more gradually during anion exchange
compared to the sudden change used in previous immiscible systems (i.e., cation exchange in CdSe
and ion intercalation in PbBr2 NCs).21-23 To test this hypothesis, we established new models (i.e.,
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i.e., staggered cooperativity and exchange density) to simulate the anion exchange in a miscible
system. Figure 3.22 shows the simulated concentration dependences of mean waiting and
switching times for four different models. The dashed lines show a/x + c fits with coefficients
listed in Table 3.3.
Table 3.3 Optimized fitting parameters for inverse proportionality relation between median
waiting/switching times and concentration for each model simulated in Figure 3.22.
Waiting Time

Switching Time

a

c

a

c

Diffusion-limited

51.20

0.74

26.42

0.08

Exchange-density

39.88

0.15

9.77

0.12

Staggeredcooperativity

27.00

0.55

0.92

0.26

Positive-cooperativity

13.80

0.79

1.00

0.26

y=a/x+c

We found that the exchange-density model, where the energy required for exchanging an
anion decreases quadratically with successive events, yielded the best match with the experimental
results. We refer to this as the exchange-density model because the number of exchanged ions
neighboring a site is proportional to the local density of exchanges. The details of these simulations
and descriptions of other models tested are provided in Section 2.6. The quadratic function used
in the exchange-density model leads to a more gradual increase in the probability for successive
events compared to previous models for NC transformations that lack solid miscibility (Figure
3.23).
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Figure 3.23 Plots of the (a) free energy changes from ion exchange and (b) associated probabilities
of exchange for all the 4 models.
The simulated intensity trajectories are shown in Figure 3.24. A comparison of the
experimental concentration dependences of waiting and switching times with the simulated results
are shown in Figure 3.25. The simulated switching times of individual NC trajectories are
significantly shorter than the overall switching time corresponding to the ensemble of NCs, in
agreement with the experimental data. Furthermore, both the median waiting times and median
switching times depend on concentration with the switching times being smaller than the waiting
times (Figure 3.25(b)). If successive exchange events instead have equal probability, then the
waiting and switching times decrease at similar rates with increasing concentration, and simulated
switching times for individual particles occur on the same timescale as the ensemble. On the other
hand, models with a steeper drop in activation barrier for exchange events, such as the positive91

cooperativity model developed by Routzahn and Jain,21,

22

lead to a switching time that is

independent of concentration (Figure 3.22). Thus, by assuming the halide concentration is uniform
within each NC during the reaction, in agreement with our STEM results and prior ensemble
kinetic studies,29, 30 our exchange-density model correctly describes both the stochasticity of anion
exchange at the single-nanocrystal level and the concentration dependence of switching times.

Figure 3.24 Simulated trajectories for exchange-density model. (a) The simulated change in
ensemble intensity as a function of time. (b) The simulated change in individual intensity of 10
representative particles.
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Figure 3.25 (a) Mean relative waiting times (black squares) and switching times (red circles) as a
function of added TBAB concentration. The dashed lines show fits to the concentration
dependence of the mean relative waiting times (black) and mean individual switching times (red).
The fitting functions are of the form y = [a/(x + b)] + c where a = 3 s·μg/mL, b = –0.7 μg/mL,
and c = 1.5 s for the waiting times and a = 6 s·μg/mL, b = 0.3 μg/mL, and c = 0.4 s for the switching
times. (b) Simulated median waiting and switching times as a function of concentration with y =
a/x+c fits. The fitting values for a and c are 40 and 0.15 (9.8 and 0.12) for the median waiting
(switching) time in arbitrary units

3.3 Conclusion
In summary, analyzing the trajectories for single CsPbCl3 NCs to transform into CsPbBr3
(and vice versa) reveals a strong dependence for the switching times on the concentration of
substitutional halide ions used to induce anion exchange. This concentration dependence has not
been observed for other NC transformations, which we attribute to the lack of miscibility between
the initial and final structures in these prior systems. We propose a model where the energetics for
further anion exchange depend on the density of exchanged ions in the NC; this exchange-density
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model successfully reproduces all salient features of the reaction observed by single-particle
fluorescence. Scaling up the synthesis of CsPbCl3-xBrx NCs will require homogeneous mixing of
both the parent NCs and substitutional halide ions at high concentrations to minimize the effect
that the stochastic distribution of waiting times will have on the final halide composition (i.e.,
value of x) of individual NCs. If reactant-depletion effects are prominent at higher concentrations,
NCs with longer waiting times may not undergo the same extent of anion exchange as those with
shorter waiting times, leading to greater heterogeneity in composition and lower color purity. One
way to achieve high-throughput synthesis with uniform mixing is through parallel microfluidic
reactors as has been demonstrated for the synthesis of cadmium chalcogenide NCs.56
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Chapter 4: Irreversibility in Anion Exchange
Between Cesium Lead Bromide and Iodide
Nanocrystals Imaged by Single-Particle
Fluorescence
Parts of this chapter are adapted with permission from: Wang, D.; Zhang, D.; Sadtler, B.,
Irreversibility in Anion Exchange Between Cesium Lead Bromide and Iodide Nanocrystals
Imaged by Single-Particle Fluorescence. The Journal of Physical Chemistry C 2020, 49, 2715827168. Copyright © 2020 American Chemical Society.
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4.1 Introduction
Lead halide perovskite semiconductors with the formula APbX3 (where A = CH3NH3+ or
Cs+ and X = Cl–, Br–, or I–) are widely studied for applications in optoelectronic devices, including
solar cells and light-emitting diodes (LEDs).1-7 The high photoluminescence quantum yields,
tunable band gap, and facile synthesis of colloidal CsPbX3 nanocrystals (NCs) make them
especially attractive for light-emission applications.6-14 Starting with one initial composition
prepared by the hot-injection method (e.g., CsPbBr3), the emission wavelength of CsPbX3 NCs
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can be tuned across the entire visible spectrum via anion exchange to CsPbBr3-xIx or CsPbBr310-12, 15-20
xClx.

To maximize color purity for light-emission applications, it is critical to have high

uniformity in both structure and composition among the population of NCs. Early reports on anion
exchange indicated that mixed-halide CsPbBr3-xClx and CsPbBr3-xIx NCs form homogenous solid
solutions at all phase fractions (i.e., all values of x).15-17 However, recent work has shown that
mixed-halide lead perovskite crystals can possess structural and compositional heterogeneity,20-24
which will be deleterious for their application in optoelectronic devices.
The solid-state miscibility between two crystalline compounds reflects the degree of
similarity in their structure. CsPbCl3 and CsPbBr3 are miscible at all phase fractions at room
temperature, while CsPbCl3 and CsPbI3 are immiscible due to the large difference in anion size
and electronegativity.25, 26 CsPbBr3 and CsPbI3 possess intermediate miscibility. The structures of
CsPbBr3, CsPbI3, and mixed-halide CsPbBr3-xIx NCs have been reported to possess either the
perovskite cubic  phase,15-17 the perovskite orthorhombic  phase,12, 22, 27 or the non-perovskite
orthorhombic  phase (i.e., yellow phase)28 depending on the method used to prepare the NCs (e.g.,
hot-injection synthesis with mixed halide precursors vs. post-synthetic anion exchange), the
method used to determine the structure (e.g., conventional powder x-ray diffraction vs.
synchrotron-based x-ray scattering), and the amount of time between sample preparation and
structure measurement. Furthermore, recent studies on CsPbX3 NCs synthesized by the hotinjection method have shown that the presence of size-dependent surface strain29 and coherent
twin boundaries22 can lead to variations in the tilting of the corner-sharing PbX6 octahedra that
make up the perovskite structure. While these investigations have not yet been extended to CsPbX3
NCs prepared by anion exchange, we anticipate that subtle differences in the structure of the parent
NCs may lead to different degrees of structural reorganization as CsPbX3 NCs undergo anion
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exchange. Thus, it is critical to have an in-situ method to probe how differences in the structure of
CsPbX3 NCs affect their chemical reactivity.
Single-particle optical measurements remove ensemble averaging to reveal differences in
chemical and physical behavior among NCs prepared within the same synthetic batch.13, 14, 30-43
We and others have used single-particle fluorescence microscopy to monitor chemical
transformations in semiconductor NCs including cation exchange, anion exchange, and ion
intercalation based on changes in the emission intensity and wavelength of individual NCs as they
transform.39-43 These measurements quantify heterogeneity in the reactions times for a population
of NCs undergoing the same transformation. In every system studied so far, the switching times,
which characterize the rate at which the PL intensity changes for individual NCs, are much shorter
than the time it takes for the ensemble of NCs to transform. However, each NC exhibits a different
characteristic waiting time before it begins to transform, which leads to a gradual change in PL
intensity for the ensemble of NCs. The difference in structure between the initial and final crystals
controls the variance in reactivity among the population of NCs. Immiscible crystal pairs (e.g.,
CdSe/Ag2Se and PbBr2/CH3NH3PbBr3) that require a substantial reorganization of both cations
and anions exhibit shorter waiting and switching times compared to highly miscible systems (e.g.,
CsPbCl3/CsPbBr3) in which a phase transformation does not occur.39-42 Furthermore, the switching
times for miscible systems show a stronger dependence on the concentration of the substitutional
ion.
In this chapter, we used single-particle fluorescence microscopy to image anion exchange
in CsPbBr3 and CsPbI3 NCs. We observed asymmetric behavior at both the ensemble and singleparticle levels when the interconversion between CsPbBr3 and CsPbI3 proceeded in opposite
directions. We develop a simple kinetic model that captures this asymmetric behavior based on
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the degree of reorganization of the crystal lattice during the transformation. CsPbI3 NCs undergo
a larger change in structure as they transform to CsPbBr3 compared to when CsPbBr3 NCs
transform to CsPbI3. The more abrupt change leads to a narrower distribution of reaction times
when as-synthesized CsPbI3 NCs undergo anion exchange to CsPbBr3. Our study reveals that
anion exchange between CsPbBr3 and CsPbI3 is not completely reversible. Structural differences
between CsPbX3 NCs directly synthesized by the hot-injection method and those prepared by
anion exchange led to differences in their chemical reactivity.

4.2 Results and Discussion
4.2.1 Ensemble Fluorescence Spectroscopy
CsPbX3 (X = Br or I) NCs were synthesized using the hot-injection method developed
Kovalenko and co-workers (see Section 2.2 for further details).8 Different halide sources have
previously been used to induce anion exchange in CsPbX3 NCs including lead halide salts,
alkylammonium

halides,

and

trimethylsilyl

halides.10-12,

15-20

We

have

found

that

tetrabutylammonium halides dissolved in a mixture of tert-butanol and a non-polar solvent (either
hexane or 1-octadecene) induce anion exchange while minimizing degradation of the NCs as
evidenced by ensemble and single-particle fluorescence.42 We first studied the interconversion
between CsPbBr3 and CsPbI3 NCs at the ensemble level using photoluminescence (PL)
spectroscopy. CsPbBr3 NCs were transformed to CsPbI3 by successively adding 80-L aliquots of
a solution of tetrabutylammonium iodide (TBAI, 0.3 mg/mL = 0.81 mmol/L in tert-butanol) to a
hexane solution of CsPbBr3 NCs. The cuvette was shaken after the addition of each aliquot, and it
took less than 30 s for the emission maximum to stop shifting after adding the TBAI solution.
Therefore, following each addition, we allowed anion exchange to proceed for 30 s before
acquiring a PL spectrum. PL spectra of the as-synthesized CsPbBr3 NCs and resulting mixed103

halide CsPbBr3-xIx NCs are shown in Figure 4.1(a). The emission maxima continuously redshifted from 502 nm to 643 nm as five aliquots of the TBAI solution were added. The full width
at half maximum (FWHM) of the PL spectra were similar for the both initial CsPbBr3 NCs (0.13
eV) and for the iodide-rich CsPbBr3-xIx NCs (0.11 eV) following the final aliquot of TBAI (Table
4.1). Assuming a linear change in band gap energy with composition,19 the composition of the
product NCs after the total addition of 400 L of the TBAI solution (0.32 mol of TBAI) was
CsPbBr0.3I2.7. Further addition of TBAI led to a minimal shift (i.e., < 2 nm) of the resulting PL
spectra.
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Figure 4.1 (a) PL spectra showing the transformation of CsPbBr3 NCs to CsPbI3 through the
addition of increasing amounts of a TBAI solution in tert-butanol with a concentration of 0.3
mg/mL (0.81 mmol/L). (b) PL spectra showing the transformation of CsPbI3 NCs to CsPbBr3
through the addition of increasing amounts of a TBAB solution in tert-butanol with a concentration
of 0.3 mg/mL (0.93 mmol/L). (c) Temporal evolution of the PL spectra over an approximately 8min period after the addition of two aliquots of the TBAB solution (120 μL total) to a solution of
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CsPbI3 NCs. (d) PL spectra of CsPbI3 NCs before (red trace) and after (black and blue traces)
adding 420 μL of a TBAB solution (0.3 mg/mL = 0.93 mmol/L) in tert-butanol. The PL spectra
were measured 30 s (black trace) and 90 s (blue trace) after the addition of TBAB. The spectra
stopped blue-shifting approximately 90 s after the addition of TBAB. The excitation wavelength
was 400 nm for all spectra. All PL spectra were normalized to the same maximum intensity.
Table 4.1 Additional details for the fluorescence spectra shown in Figure 4.1(a) (i.e.,
transformation of CsPbBr3 NCs to CsPbI3): amount of TBAI added, the emission maximum of the
resulting PL spectrum, and its FWHM.
Total volume
of TBAI
(μL)

Total moles
of TBAI
(μmole)

Peak
maximum
(nm)

Peak
maximum
(eV)

FWHM
(nm)

FWHM
(eV)

0

0

502

2.47

24

0.13

80

0.06

537

2.31

28

0.12

160

0.13

559

2.22

35

0.12

240

0.19

608

2.04

37

0.12

320

0.26

633

1.96

36

0.12

400

0.32

643

1.93

37

0.11
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Table 4.2. Additional details for the fluorescence spectra shown in Figure 4.1(b) (i.e.,
transformation of CsPbI3 NCs to CsPbBr3): amount of TBAB added, the emission maximum of
the resulting PL spectrum, and its FWHM.
Total volume
of TBAB
(μL)

Total moles
of TBAI
(μmole)

Peak
maximum
(nm)

Peak
maximum
(eV)

FWHM
(nm)

FWHM
(eV)

0

0

674

1.84

40

0.11

60

0.06

674

1.84

44

0.12

120

0.11

547

2.27

27

0.11

180

0.17

533

2.33

29

0.13

300

0.28

524

2.37

24

0.11

420

0.39

519

2.39

23

0.11

CsPbI3 NCs were transformed to CsPbBr3 by successively adding 60-L aliquots of a
solution of tetrabutylammonium bromide (TBAB, 0.3 mg/mL = 0.93 mmol/L in tert-butanol) to a
hexane solution of CsPbI3 NCs (Figure 4.1(b)). After the second aliquot (i.e., 120 L total of the
TBAB solution), the resulting spectrum of the mixed-halide CsPbBr3-xIx NCs changed over the
course of several minutes. The temporal evolution of the PL spectra after the second aliquot is
shown in Figure 4.1(c). The PL spectrum first split into two peaks, one centered at 522 nm and
the other at 666 nm (corresponding to CsPbBr2.6I0.4 and CsPbBr0.1I2.9 respectively). Over a period
of several minutes, the peak centered at 666 nm decreased in intensity while the peak originally
centered at 522 nm red-shifted in its peak maximum to 546 nm (corresponding to CsPbBr2.2I0.8).
Similar to the transformation of CsPbBr3 to CsPbI3, subsequent additions of TBAB required less
than 30 seconds for the peak maximum to stop shifting (Figure 4.1(b)). The FWHM of the PL
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spectra were similar for the both initial CsPbI3 NCs (0.11 eV) and for the bromide-rich CsPbBr3xIx NCs (0.11 eV) following the final aliquot of TBAB (see Table 4.2). Based on its peak maximum

at 519 nm, the composition of the product NCs after a total of 420 L of the TBAB solution (0.39
mol of TBAB) was CsPbBr2.6I0.4. When 420 L of the TBAB solution was added all at once
rather than in 60-L aliquots, the PL spectrum was also observed to first split into two peaks and
then merge into a single peak centered at 518 nm after several minutes (Figure 4.1(d)).
Thus, two populations of NCs, one iodide-rich and one bromide-rich, were readily
observable during the ensemble transformation of CsPbI3 NCs to CsPbBr3 but not during the
transformation of CsPbBr3 NCs to CsPbI3 (at the time scale that the steady-state PL spectra were
obtained). The continuous red-shifting of PL spectra with successive TBAI addition during the
transformation of CsPbBr3 NCs to CsPbI3 closely resembles systems in which the initial and final
crystal possess high solid solubility, such as anion exchange between CsPbCl3 and CsPbBr3 NCs15,
25, 42

or cation exchange between CdTe and HgTe NCs.44 On the other hand, the abrupt shift in PL

peak position during the transformation of CsPbI3 NCs to CsPbBr3 with increasing TBAB addition
bears similarity to NC transformations in which the initial and final crystals lack miscibility, such
as the conversion of CdSe to Ag2Se NCs via cation exchange. In this reaction, optical spectra can
be assigned to linear combinations of purely CdSe and purely Ag2Se NC spectra with no
identifiable intermediates.39,

45

In the transformation of CsPbI3 NCs to CsPbBr3, the two

populations of NCs show partial miscibility based on the shifts in peak maxima for the bromiderich and iodide-rich fractions.
Due to slow degradation of the CsPbX3 NCs even when stored in a nitrogen-filled glovebox
over the course of several months and laboratory shutdowns amidst the Covid-19 pandemic,
ensemble structural characterization was performed on different batches of CsPbBr3 and CsPbI3
108

NCs (prepared using the same reaction conditions) than the ones used for ensemble and singleparticle fluorescence. Ensemble PL spectra of the different batches of NCs are shown in Figure
4.2. The PL maxima and FWHM for both CsPbBr3 samples are nearly identical, and the same is
true for both CsPbI3 samples. Table 4.3 matches data shown in each figure with the sample that
was used.

Figure 4.2 Normalized PL spectra of different batches of CsPbBr3 (blue & green traces) and
CsPbI3 (red & black traces) NCs.
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Table 4.3 Summary of the CsPbBr3 and CsPbI3 NCs samples characterized in each figure.
Sample characterized in the following figures
Batch 1

Figure 4.1(a), Figure 4.7(a) and (b), Figure 4.8(a), Figure 4.15(a),
Figure 4.9(a), Figure 4.10, Figure 4.14(a)

Batch 2

Figure 4.15(b), Figure 4.3(a) and (b), Figure 4.4(a) and (b), Figure 4.5,
Figure 4.9(b), Figure 4.11, Figure 4.14(b)

Batch 1

Figure 4.1(b) and (c), Figure 4.7(c) and (d), Figure 4.8(b), Figure
4.15(c) and (d), Figure 4.20(d), Figure 4.2, Figure 4.16, Figure 4.17,
Figure 4.9(c) and (d), Figure 4.18, Figure 4.19, Figure 4.12, Figure
4.13, Figure 4.14(c) and (d), Figure 4.22(a) and (c), Figure 4.23

Batch 2

Figure 4.3(c) and (d), Figure 4.4(c) and (d), Figure 4.5

CsPbBr3

CsPbI3

4.2.2 Structural Characterization
Characterization of the CsPbX3 NCs before and after anion exchange using bright-field
transmission electron microscopy (TEM) is shown in Figure 4.3. The as-synthesized CsPbBr3 and
CsPbI3 NCs have a platelet shape with average edge lengths of 9.4 ± 1.5 nm and 11.3 ± 2.5 nm
(average ± 1st standard deviation), respectively. Anion exchange was performed by drop casting a
solution of either TBAI onto CsPbBr3 NCs or TBAB onto CsPbI3 NCs dispersed on a TEM grid.
Histograms of the edge lengths before and after anion exchange are provided in Figure 4.4 and
show that the original size and shape of the NCs are preserved after anion exchange. Based on the
lattice constants of the bulk crystals, the distances between Pb atoms in CsPbBr3 along the edges
of the NCs are 8.250 Å in the (100) direction and 8.203 Å in the (001) direction. We assume the
CsPbBr3 NCs in Figure 4.3 are oriented with the (010) plane parallel to the substrate similar to a
previous report.46 In bulk CsPbI3, the distances between Pb atoms along the edges are 8.818 Å and
8.646 Å. The orientation of the unit cell is different in CsPbI3. So, these Pb–Pb distances are along
the (010) and (100) directions, respectively. When CsPbBr3 NCs transform to CsPbI3, the expected
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expansion of the lateral dimensions is 7% for the longer dimension and 5% for the shorter
dimension, which lead to changes in the lateral dimensions of less than 1 nm. A similar contraction
of the lateral dimensions is expected when CsPbI3 NCs transform to CsPbBr3. However, these
changes in size are less than the 1st standard deviation in the size distribution of each sample. Thus,
we do not observe a significant change in average edge length for either sample after anion
exchange.
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Figure 4.3. Bright-field TEM images of CsPbX3 NCs before and after anion exchange. (a) Assynthesized CsPbBr3 NCs. (b) CsPbI3 NCs produced by anion exchange of CsPbBr3 NCs on a
TEM grid. (c) As-synthesized CsPbI3 NCs. (d) CsPbBr3 NCs produced by anion exchange of
CsPbI3 NCs on a TEM grid.

Figure 4.4 Size distributions of the CsPbX3 NCs shown in Figure 4.3. (a) As-synthesized
CsPbBr3 NCs. (b) CsPbI3 NCs produced by anion exchange of CsPbBr3 NCs on a TEM grid. (c)
As-synthesized CsPbI3 NCs. (d) CsPbBr3 NCs produced by anion exchange of CsPbI3 NCs on a
TEM grid.
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X-ray diffraction (XRD) patterns of the CsPbX3 NCs before and after anion exchange are
shown in Figure 4.5. The patterns of all samples matched most closely with simulated patterns for
the respective perovskite orthorhombic  phase of CsPbX3. For example, the as-synthesized CsPbI3
NCs possess peaks that are present in the orthorhombic  phase of CsPbI3 but absent in the cubic
 phase. Additionally, peaks indicative of the non-perovskite  phase in the initial CsPbI3 sample
are absent. The XRD patterns displayed the expected peak shifts to smaller angles when CsPbBr3
NCs were converted to CsPbI3 and to larger angles when CsPbI3 NCs were converted to CsPbBr3.
However, similar to the ensemble PL spectra described above, the XRD patterns indicate that the
NCs still contained a residual amount of the parent anion after exchange, even when an excess of
the substitutional anion was used. At the high concentrations of NCs needed to prepare samples
for XRD (relative to samples used for ensemble PL and TEM described above), some aggregation
and degradation was observed in the samples after anion exchange as evidenced by narrower peaks
(indicating larger crystallite size) and the presence of peaks belonging to the non-perovskite 
phase as an impurity in CsPbI3 NCs produced by anion exchange (see Figure 4.5(b)). The potential
effects of particle degradation should be minimal in the fluorescence microscopy studies described
below. The NCs are fixed to a glass substrate such that aggregation during anion exchange cannot
occur. Furthermore, the non-perovskite  phase of CsPbI3 is non-fluorescent and therefore will not
be detected during fluorescence imaging.
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Figure 4.5 (a) XRD patterns of CsPbX3 NCs before and after anion exchange. From top to bottom
the experimental patterns are the following: As-synthesized CsPbI3 NCs (purple), iodide-rich
CsPbBr3-xIx NCs produced by anion exchange of CsPbBr3 NCs (green), bromide-rich CsPbBr3-xIx
NCs produced by anion exchange of CsPbI3 NCs (blue), and as-synthesized CsPbBr3 NCs (red).
Simulated powder XRD patterns made using ICSD collection codes #21955 for CsPbI3 in the
perovskite orthorhombic γ phase (yellow) and #243735 for CsPbBr3 in the perovskite
orthorhombic γ phase (black) are shown at the top and bottom of the plot. (b) Comparison of the
experimental XRD pattern for iodide-rich CsPbBr3-xIx NCs produced by anion exchange of
CsPbBr3 NCs (middle, green) to simulated patterns for the perovskite orthorhombic γ phase of
CsPbI3 (top, yellow) and the non-perovskite orthorhombic δ phase (bottom, black). The simulated
patterns were made using ICSD collection codes #21955 for the γ phase and #161480 for the δ
phase. The impurity peaks marked with * in panel (a) and (b) are attributed to the non-perovskite
δ phase of CsPbI3
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4.2.3 Single-Particle Fluorescence Imaging
Further interpretation of the PL spectra shown in Figure 4.1 is limited as the observed
spectral shifts are averaged over all NCs in the cuvette, which are undergoing different rates of
anion exchange. Thus, we used single-particle PL microscopy to understand the origins of the
asymmetric behavior observed for anion exchange between CsPbBr3 and CsPbI3 NCs. The change
in the emission wavelength and intensity for individual NCs provides a signature of their
transformation.39-42 We prepared samples for single-particle imaging by spin-coating dilute
solutions of CsPbX3 NCs onto microscope coverslips. Each sample was then assembled into a
home-made flow cell used to introduce the substitutional anion, either TBAI or TBAB dissolved
in tert-butanol and 1-octadecene (additional details on sample preparation are provided in Section
2.3). We used two different filter sets to image the transformation between CsPbBr3 and CsPbI3
NCs. A red filter set (Chroma #49005-ET-DSRed, excitation window: 530 – 558 nm, emission
window: 590 – 649 nm) was used to image the conversion of CsPbBr3 NCs to CsPbI3. As illustrated
in Figure 4.6, the red filter blocks emission from the initial CsPbBr3 NCs but transmits emission
from iodide-rich CsPbBr3-xIx NCs (for 2.7 ≥ x ≥ 1.7 assuming a linear relationship between
bandgap and halide composition). Consequently, the initial field-of-view is dark for this
transformation (Figure 4.7(a)). After the TBAI solution is injected into the flow cell, fluorescent
spots begin to appear (Figure 4.7(b)). We also transformed CsPbBr3 NCs to iodide-rich CsPbBr3xIx

prior to imaging and then watched their back conversion to CsPbBr3 by monitoring the turn off

in emission of individual NCs with the same red filter set. Conversely, a green filter set (Chroma
#49002-ET-EGFP, excitation window: 450 – 490 nm, emission window: 500 – 540 nm) was used
to block emission from CsPbI3 NCs but transmit emission from bromide-rich CsPbBr3-xIx NCs (for
0 ≤ x ≤ 2 assuming a linear relationship between bandgap and halide composition). We imaged
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the conversion of CsPbI3 NCs to CsPbBr3 using the green filter set in which the turn on in emission
indicates the transformation of each NC (Figure 2(c) and (d)). We also transformed CsPbI3 NCs
to bromide-rich CsPbBr3-xIx prior to imaging and then watched their back conversion to CsPbI3 by
monitoring the turn off in emission of individual NCs. We note that ensemble PL and XRD indicate
the exchange reaction is not complete even when an excess of substitutional anions is used, similar
to a previous report.24 For simplicity, we refer to NCs after anion exchange as CsPbBr3 or CsPbI3
even though they may contain residual amounts of the parent anion.

Figure 4.6 Models of CsPbBr3 and CsPbI3 crystals with the perovskite orthorhombic γ phase (top)
and illustrations of the microscope field-of-view under different excitation conditions (bottom).
Emission from CsPbI3 NCs is detected using the red filter set, and emission from CsPbBr3 NCs is
detected using the green filter set.
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Figure 4.7 (a, b) Fluorescence video frames before and after the transformation of CsPbBr3 NCs
to CsPbI3 using TBAI. (c, d) Fluorescence video frames before and after the transformation of
CsPbI3 NCs to CsPbBr3 using TBAB. Only portions of the entire microscope field-of-view are
shown.
Figure 4.8 compares the change in fluorescence intensity integrated over the entire microscope
field-of-view during anion exchange to representative trajectories for individual NCs. For flow
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rates between 10 and 25 mL/h used to introduce the TBAI or TBAB solution, the transformation
times were independent of flow rate (see Section 4.2.4 for further discussion). A flow rate of 20
mL/h was used in the experiments described below. Furthermore, the transformation times of
individual NCs were independent of their position within the field-of-view (see Section 4.2.4 for
further discussion) indicating that the reaction trajectories are controlled by the solid-state
transformation of each NC rather than the diffusion of anions in solution. The ensemble trajectories
shown in the top panels of Figure 4.8 include hundreds of single-particle trajectories (only portions
of the field-of-view are shown in Figures 4.7). As shown in the bottom panels of Figure 4.8,
individual NCs undergo relatively sharp transitions relative to the ensemble. A comparison of
ensemble rise-times at different concentrations of substitutional ion to the mean intensity rise for
individual NCs undergoing anion exchange is provided in Figure 4.9. The PL intensities of
individual NCs start to rise at different times (marked by the dashed lines in Figure 4.8). Thus, the
ensemble intensity rise incorporates the intensity rises of individual NCs as well as different
waiting times before each NC starts to react. Notably, the trajectories of CsPbI3 NCs transforming
to CsPbBr3 exhibit sharper rises in intensity compared to the trajectories of CsPbBr3 NCs
transforming to CsPbI3 at both the ensemble and single-particle levels.
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Figure 4.8 Fluorescence intensity trajectories for CsPbX3 NCs undergoing anion exchange. (a)
Intensity trajectory over the entire field-of-view (top) along with representative trajectories for
individual NCs (bottom) during the transformation of CsPbBr3 NCs to CsPbI3 using TBAI at a
concentration of 1 μg/mL (2.7 μmol/L). The single-particle trajectories have been vertically offset
for clarity. (b) Intensity trajectory over the entire field-of-view (top) along with representative
trajectories for individual NCs (bottom) during the transformation of CsPbI3 NCs to CsPbBr3 using
TBAB at a concentration of 1 μg/mL (3.1 μmol/L). The vertical dashed lines in the individual
trajectories mark the waiting time for the NC.
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Figure 4.9 Comparison of the ensemble rise times in fluorescence intensity for all NCs in the fieldof-view (black squares) to the mean of single-NC switching times (red circles) using different
concentrations of TBAB or TBAI. (a) Transformation of as-synthesized CsPbBr3 NCs to CsPbI3.
(b) Back conversion of iodide-rich CsPbBr3-xIx NCs (prepared by anion exchange of CsPbBr3 prior
to imaging) to CsPbBr3. (c) Transformation of as-synthesized CsPbI3 NCs to CsPbBr3. (d) Back
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conversion of bromide-rich CsPbBr3-xIx NCs (prepared by anion exchange of CsPbI3 prior to
imaging) to CsPbI3.
We quantified differences in the trajectories of individual NCs based on both the waiting
time for the emission intensity of each NC to start increasing and the switching time or steepness
of the intensity rise. To minimize the number of clusters that were included this analysis, we only
analyzed trajectories that exhibited fluorescence intermittency with clear ‘on’ and ‘off’ states that
are typically observed in the intensity trajectories of single particles (see Section 4.2.4 for further
discussion).13, 36, 37, 47, 48 Intensity trajectories with multiple ‘on’ states and without a clear ‘off’
state indicate a cluster of particles (i.e., multiple particles emitting within a diffraction-limited spot
size) and were excluded from subsequent analysis. The waiting time was measured as the time it
took for the intensity of the NC to reach a value of 5 over the mean background intensity before
the reaction (where  is the standard deviation in background intensity). Because it is difficult to
measure the exact time the TBAI or TBAB solution enters the field-of-view under the microscope,
the first NC to transform was given a waiting time of 0 s, and the waiting times of subsequent
transformations were measured relative to the first one. Histograms of the distributions of waiting
times for the conversion of CsPbBr3 NCs to CsPbBrI3, CsPbI3 NCs to CsPbBr3, and CsPbBr3-xI3
NCs (produced by anion exchange prior to imaging) to both CsPbBr3 and CsPbI3 are shown in
Figures 4.10 – 4.13. We fitted each distribution to a Gaussian function to extract both the mean
value and the standard deviation of waiting times (Figure 4.14). The switching time for each NC
was measured based on a sigmoidal fit of its intensity rise; a steeper rise in intensity gives a smaller
value for the switching time. Similar to the waiting times, for each transformation we extracted
the mean switching time and standard deviation from Gaussian fitting of the distribution of
switching times.
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Figure 4.10 Histograms of the relative waiting times for the transformation of as-synthesized
CsPbBr3 NCs to CsPbI3 using TBAI. The turn-on in emission of individual NCs was imaged with
the red filter set (excitation window: 530 − 558 nm; emission window: 590 − 649 nm). The
concentrations of TBAI used were (a) 1 μg/mL (2.7 μmol/L), (b) 2 μg/mL (5.4 μmol/L), (c) 3
μg/mL (8.1 μmol/L), (d) 4 μg/mL (10.8 μmol/L), (e) 6 μg/mL (16.2 μmol/L), and (f) 10 μg/mL
(27 μmol/L). For each histogram, a relative waiting time of 0 seconds corresponds to the first NC
to transform among the population.
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Figure 4.11 Histograms of the relative waiting times for the back conversion of iodide-rich
CsPbBr3-xIx NCs to CsPbBr3 using TBAB. The iodide-rich CsPbBr3-xIx NCs were prepared by
anion exchange of CsPbBr3 NCs with PbI2 in solution prior to imaging (see Section 2.2 for details).
The turn-off in emission of individual NCs was imaged with the red filter set (excitation window:
530 − 558 nm; emission window: 590 − 649 nm). The concentrations of TBAB used were (a) 1
μg/mL (3.1 μmol/L), (b) 2 μg/mL (6.2 μmol/L), (c) 3 μg/mL (9.3 μmol/L), (d) 6 μg/mL (18.6
μmol/L), and (e) 10 μg/mL (31.1 μmol/L). For each histogram, a relative waiting time of 0 seconds
corresponds to the first NC to transform among the population.

123

Figure 4.12 Histograms of the relative waiting times for the transformation of as-synthesized
CsPbI3 NCs to CsPbBr3 using TBAB. The turn-on in emission of individual NCs was imaged with
the green filter set (excitation window: 450 − 490 nm; emission window: 500 − 540 nm). The
concentrations of TBAB used were (a) 1 μg/mL (3.1 μmol/L), (b) 2 μg/mL (6.2 μmol/L), (c) 3
μg/mL (9.3 μmol/L), (d) 4 μg/mL (12.4 μmol/L), (e) 6 μg/mL (18.6 μmol/L), and (f) 10 μg/mL
(31.1 μmol/L). For each histogram, a relative waiting time of 0 seconds corresponds to the first
NC to transform among the population.
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Figure 4.13 Histograms of the relative waiting times for the back conversion of bromide-rich
CsPbBr3-xIx NCs to CsPbI3 using TBAI. The bromide-rich CsPbBr3-xIx NCs were prepared by
anion exchange of CsPbI3 NCs on a coverslip using TBAB prior to imaging (see section 2.3 for
details). The turn-off in emission of individual NCs was imaged with the green filter set (excitation
window: 450 − 490 nm; emission window: 500 − 540 nm). The concentrations of TBAI used were
(a) 1 μg/mL (2.7 μmol/L), (b) 2 μg/mL (5.4 μmol/L), (c) 3 μg/mL (8.1 μmol/L), (d) 4 μg/mL (10.8
μmol/L), (e) 6 μg/mL (16.2 μmol/L), and (f) 10 μg/mL (27 μmol/L). For each histogram, a relative
waiting time of 0 seconds corresponds to the first NC to transform among the population.
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Figure 4.14 Examples of Gaussian fits to the distributions of relative waiting times shown above
in Figures 4.10-4.13 for single CsPbX3 NCs undergoing anion exchange. (a) Transformation of
as-synthesized CsPbBr3 NCs to CsPbI3 using TBAI (example fits to histograms in Figure 4.10).
(b) Back conversion of iodide-rich CsPbBr3-xIx NCs to CsPbBr3 using TBAB (example fits to
histograms in Figure 4.11). (c) Transformation of as-synthesized CsPbI3 NCs to CsPbBr3 using
TBAB (example fits to histograms in Figure 4.12). (d) Back conversion of bromide-rich CsPbBr3xIx

NCs to CsPbI3 using TBAI (example fits to histograms in Figure 4.13). The concentrations of

TBAI shown in (a) and (d) are 1, 2, and 10 μg/mL (i.e., 2.7, 5.4, and 27.0 μmol/L). The
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concentrations of TBAB shown in (b) and (c) are 1, 2, and 10 μg/mL (i.e., 3.1, 6.2, and 31.1
μmol/L).
To understand the asymmetric behavior observed in ensemble PL spectra at different
concentrations of the substitutional anion, we performed each transformation over a range of
TBAI/TBAB concentrations (i.e., 1, 2, 3, 4, 6, 10 μg/mL) and measured the resulting distributions
of waiting and switching times. For the transformation of CsPbBr3 NCs to CsPbI3, shown in Figure
4.15(a), the mean and standard deviation of waiting times decreased from 22.8  9.7 s to 4.8  2.4
s as the concentration of TBAI increased from 1 to 10 μg/mL (2.7 to 27.0 μmol/L). The mean and
standard deviation of switching times for this transformation decreased from 6.2  2.1 s to 2.5 
0.8 s as the concentration of TBAI increased from 1 to 10 μg/mL. The concentration dependencies
of the waiting and switching times for the transformation of CsPbI3 NCs to CsPbBr3 are shown in
Figure 4.15(c). The mean waiting and switching times and their standard deviations decreased
from 6.7  3.1 s to 2.4  1.6 s and from 1.8  1.2 s to 0.6  0.5 s, respectively as the concentration
of TBAB increased from 1 to 10 μg/mL (3.1 to 31.1 μmol/L). Thus, in both exchange directions
the waiting and switching times decreased as the concentration of TBAB/TBAI increased. The
shorter waiting and switching times for the transformation of CsPbI3 NCs to CsPbBr3 at low TBAB
concentrations (along with the narrower distribution of waiting times) lead to the sharper rise in
intensity for the ensemble of particles shown in Figure 4.8(b).

127

Figure 4.15 Experimental mean values of the waiting times (black squares) and switching times
(red circles) for anion exchange between CsPbBr3 and CsPbI3 NCs. (a) Transformation of CsPbBr3
NCs to CsPbI3. (b) Back conversion of iodide-rich CsPbBr3−xIx NCs (prepared by anion exchange
of CsPbBr3 prior to imaging) to CsPbBr3. (c) Transformation of CsPbI3 NCs to CsPbBr3. (d) Back
conversion of bromide-rich CsPbBr3−xIx NCs (prepared by anion exchange of CsPbI3 prior to
imaging) to CsPbI3. The error bars for each data point indicate the standard deviation of the
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waiting/ switching times. The dashed lines in each plot are fits to the concentration dependence of
the form y = a/x + b. The fitted values of a and b are summarized in Table 4.4.
Table 4.4 Fitting parameters for the concentration dependence of the mean waiting and switching
times shown in Figure 4.15.

y = a/x + b

Figure 4.15(a):
CsPbBr3 to
CsPbI3

Figure
4.15(b):
CsPbBr3-xIx to
CsPbBr3

Figure
4.15(c):
CsPbI3 to
CsPbBr3

Figure
4.15(d):
CsPbBr3-xIx to
CsPbI3

Waiting
time

a (s-μg/mL)

16.3

5.1

26.5

20.5

b (s)

2.6

1.6

2.8

2.9

Switching
time

a (s-μg/mL)

4.0

1.2

4.5

6.3

b (s)

2.2

0.47

0.3

0.8

The mean values of the waiting and switching times for anion exchange and their
dependence on concentration showed significant differences in the two exchange directions. The
mean waiting time for the conversion of CsPbBr3 NCs to CsPbI3 was 16 s longer than the
conversion of CsPbI3 NCs to CsPbBr3 when using 1 μg/mL of TBAI or TBAB. The difference
between mean waiting times decreased at higher concentrations of the substitutional anion with
only a 2-s difference at 10 μg/mL. The mean waiting times for the conversion of CsPbBr3 NCs to
CsPbI3 decreased by 80% as the concentration increased from 1 to 10 μg/mL, while they only
decreased by 60% for the conversion of CsPbI3 NCs to CsPbBr3. The mean switching times also
showed differences in their concentration dependence in each exchange direction. The mean
switching times for the conversion of CsPbBr3 NCs to CsPbI3 decreased by 50% as the TBAI
concentration increased from 2 μg/mL to 10 μg/mL, while the mean switching times for the
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conversion of CsPbI3 NCs to CsPbBr3 decreased by only 30% over the same concentration range
of TBAB. Overall, the mean waiting and switching times for the conversion of as-synthesized
CsPbBr3 NCs to CsPbI3 exhibited a stronger dependence on the concentration of the substitutional
anion.
Mixed-halide CsPbBr3-xIx NCs produced by anion exchange exhibited similar mean
waiting and switching times to those of the as-synthesized CsPbBr3 NCs undergoing exchange to
CsPbI3 regardless of the exchange direction. We converted CsPbBr3 NCs to iodide-rich CsPbBr3xIx

and then imaged their back conversion under the microscope to CsPbBr3 using different

concentrations of TBAB (Figure 4.15(b)). Using the red filter set, we observed the initially bright
fluorescent spots in the field-of-view become dark as the transformation progressed. The mean
waiting and switching times and their standard deviations decreased from 23.4  7.4 s to 5.5  1.8
s and from 6.9  2.3 s to 1.4  0.9 s, respectively, as the concentration of TBAB increased from 1
to 10 μg/mL (3.1 to 31.1 μmol/L). These values for back exchange are significantly longer than
the transformation of as-synthesized CsPbI3 NCs to CsPbBr3 and closely match those of the
CsPbBr3 to CsPbI3 reaction. We also converted CsPbI3 NCs to bromide-rich CsPbBr3-xIx and then
imaged their back conversion to CsPbI3 under the microscope using the green filter set to watch
the turn off in emission (Figure 4.15(d)). Similar, to the iodide-rich CsPbBr3-xIx NCs undergoing
back conversion, the mean waiting and switching times and their standard deviation decreased
from 23.6  10.4 s to 2.7  1.1 s and from 5.3  2.1 s to 1.0  0.5 s, respectively, as the concentration
of TBAI increased from 1 to 10 μg/mL (2.7 to 27.0 μmol/L).

4.2.4 Factors Influencing the Single-Particle Measurements
In this section, we discuss the influence of flow rate on the analysis of waiting and
switching times. Next, we describe the method we used to distinguish clusters from single NCs.
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Figure 4.16 shows the dependence of mean waiting time and its FWHM on different flow rates.
For flow rates below 10 mL/h, the mean waiting time and its FWHM decrease when the flow rate
increases, indicating that anion exchange is limited by the diffusion of halide ions in solution. The
mean waiting time is independent of flow rate for flow rates between 10 and 25 mL/h. Furthermore,
Figure 4.17 shows that at a flow rate of 20 mL/h, the waiting and switching times of individual
NCs are independent of their positions on the EMCCD camera. Therefore, we used a flow rate of
20 mL/h in this work to exclude its influence on the reaction.

Figure 4.16 Comparison of the mean value (black squares) and the FWHM (red circles) of singleNC waiting times for the transformation of CsPbI3 NCs to CsPbBr3 measured using the same
TBAB concentration (2 μg/mL, 6.2 μmol/L) introduced at different flow rates. The turn-on in
emission of individual NCs was imaged with the green filter set (excitation window: 450 − 490
nm; emission window: 500 − 540 nm).
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Figure 4.17 Waiting and switching times as a function of particle position for the transformation
of CsPbI3 NCs to CsPbBr3 using a TBAB concentration of 1 μg/mL (3.1 μmol/L). The flow rate
was 20 mL/h. (a, b) Waiting times for different NCs within the same field-of-view plotted vs. their
pixel position along the (a) x-axis and (b) y-axis of the EMCCD camera. (c, d) Switching times
for different NCs within the same field-of-view plotted vs. their pixel position along the (c) x-axis
and (d) y-axis of the EMCCD camera.
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We applied the same method described in Section 3.2.5 to distinguish clusters of NCs from
single NCs. Representative fluorescence intensity trajectories for three single NCs and three
clusters are shown in Figure 4.18 and Figure 4.19, respectively. Intensity trajectories that exhibit
fluorescence intermittency with a bimodal distribution of on and off states are indicative of single
particles. Unlike the trajectories for single NCs, clusters of NCs do not show clear on and off states
as each particle in the cluster blinks independently.

Figure 4.18 Representative intensity trajectories for single bromide-rich CsPbBr3-xIx NCs
following the transformation of CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1 μmol/L).
Each of the black traces on the left-hand side is a segment of the trajectory after the intensity
stopped increasing (i.e., following the exchange reaction). Each of the blue traces shows the
background intensity in a nearby region not containing any particles. The red histograms on the
right-hand side show the intensity distributions of the black traces.
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Figure 4.19 Representative intensity trajectories of clusters of CsPbBr3-xIx NCs following the
transformation CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1 μmol/L). Each of the
black traces on the left-hand side is a segment of the trajectory after the intensity stopped increasing
(i.e., following the exchange reaction). Each of the blue traces shows the background intensity in
a nearby region not containing any particles. The red histograms on the right-hand side show the
intensity distributions of the black traces.

4.2.5 Monte Carlo Model for Asymmetric Anion Exchange
We reasoned that the asymmetric behavior observed in both ensemble and single-particle
fluorescence studies arises from differences in the reaction path during anion exchange in opposite
directions. To support this hypothesis, we used Monte Carlo trajectories to simulate anion
exchange in individual particles and their waiting and switching times (see Section 2.6). In these
simulations, differences in the reaction path are reflected in the way the probability for each
exchange event in a particle evolves with the number of previous successful events. The
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incorporation of positive cooperativity where previous events make future ones more probable
produces sharp transitions for individual particles to transform along with a distribution of waiting
times.39-42 We find that the degree of cooperativity or how much the probability changes with each
previous event controls the sharpness of transitions (i.e., the switching times) as well as the
concentration dependence of waiting and switching times.

Figure 4.20 (a) Change in free energy, ΔGi, with the number of exchange events, i, in a particle
for the exchange-density (Exch. dens., black traces) and structural-reorganization (Str. reorg., red
traces) models. In each model, the initial free energy, ΔG1, was varied to simulate the effect of
concentration. Plots for the minimum (i.e., k0 = 1, squares) and maximum (i.e., k0 = 8, circles)
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concentrations simulated are shown. (b) Associated probability of exchange for the models shown
in (a). (c) Simulated waiting and switching times for the two models as a function of k0. (d)
Experimental waiting and switching times for the conversion of as-synthesized CsPbI3 NCs to
CsPbBr3 (red traces) and the back conversion of bromide-rich CsPbBr3−xIx NCs to CsPbI3 (black
traces).
The waiting and switching times for the transformation of as-synthesized CsPbBr3 NCs to
CsPbI3 (as well as the back conversion of mixed-halide CsPbBr3-xIx NCs) closely resemble our
previous work on anion exchange between CsPbCl3 and CsPbBr3 NCs.42 In this previous study,
we showed that the concentration dependence of waiting and switching times for highly miscible
systems can be reproduced when the probability gradually increases with the number of successive
exchange events. The black traces in Figure 4.20(a) and (b) show the simulated changes in free
energy and associated probability of exchange events for this exchange-density model in which
the change in free energy for anion exchange in a particle is proportional to the density of
exchanged ions. The concave downward curvature for the change in free energy leads to a gradual
increase in probability with successive exchange events. Changes in the concentration of
substitutional anions were simulated by varying the initial probability (see Section 2.6). We varied
the simulated concentration over a similar range to the experimental variations in concentration
(in g/mL of TBAI/TBAB) shown in Figure 4.15. The simulated concentration dependencies of
waiting and switching times for the exchange-density model and corresponding experimental times
for the back conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 are shown in Figures 4.20(c)
and (d) (black traces). We use this sample for comparison as it will have nearly the same size
distribution as the as-synthesized CsPbI3 NCs that were used to prepare it. Based on the similarities
in experimental waiting and switching times shown in Figure 4.15, this model also applies to the
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conversion of as-synthesized CsPbBr3 NCs to CsPbI3 and the back conversion of iodide-rich
CsPbBr3-xIx NCs to CsPbBr3. The exchange-density model reproduces the longer waiting and
switching times for these samples (Figure 4.21(a) and (b)) as well as their steeper dependence on
concentration (at low concentrations of substitutional anion) relative to the conversion of CsPbI3
NCs to CsPbBr3 described below. Furthermore, both the exchange-density model and the
experimental values for the back conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 show a
linear correlation between the waiting and switching times of individual particles. As shown in
Figure 4.22(a) and (b), particles with longer waiting times are more likely to have longer
switching times. Linear fits to the plots of waiting vs. switching times for individual particles give
average slopes of 0.15 ± 0.01 (average ± 1st standard deviation for different concentrations) for
the exchange-density model and 0.11 ± 0.03 for the experimental results (Figure 4.23 and Table
4.5). This correlation occurs because the slower rises in intensity for individual particles
(especially at lower concentrations of TBAI) lead to an overlap between the measurements of
waiting and switching times.
Table 4.5 Parameters for the linear fits (y = ax + b) of the scatter plots of waiting vs. switching
time shown in Figure 4.22.

Exchangedensity
model

CsPbBr3-xIx
to CsPbI3

k0

1

2

4

8

a (slope)

0.15

0.14

0.17

0.15

b (intercept)

18634

10397

5479

3872

TBAI conc.
(μg/mL)

1

2

3

4

6

10

a (slope)

0.15

0.11

0.12

0.09

0.059

0.11

b (intercept)

14.1

4.5

3.82

5.95

1.99

3.48
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Figure 4.21 Simulated reaction trajectories for anion exchange. (a) Ensemble trajectory for the
exchange-density model using a simulated concentration 𝑘0 = 1 . (b) Representative singleparticle trajectories for the exchange-density model using 𝑘0 = 1; (c) Ensemble trajectory for the
structural-reorganization model using a simulated concentration 𝑘0 = 1 . (d) Representative
single-particle trajectories for the structural-reorganization model using 𝑘0 = 1.
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Figure 4.22 Plots of the waiting time vs. switching time for individual particles. (a) The back
conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 using a TBAI concentration of 1 μg/mL
(2.7 μmol/L). (b) Exchange-density model using a simulated concentration 𝑘0 = 1 . (c)
Transformation of as-synthesized CsPbI3 NCs to CsPbBr3 using a TBAB concentration of 1 μg/mL
(3.1 μmol/L). (d) Structural-reorganization model using a simulated concentration 𝑘0 = 1. The red
dashed lines provide linear fits of the scatter plots in (a) and (b). The fitting parameters at different
concentrations are provided in Table 4.5.
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Figure 4.23 The slopes from linear fits to scatter plots of the waiting vs. switching time for
individual particles. The red circles correspond to the back conversion of bromide-rich CsPbBr3xIx

NCs to CsPbI3 using TBAI concentrations of 1, 2, 3, 4, 6 and 10 μg/mL (2.7, 5.4, 8.1, 10.8,

16.2 and 27 μmol/L). The black squares correspond to the exchange-density model using simulated
concentrations 𝑘0 = 1, 2, 4, and 8. The mean slopes for the experimental and simulated results are
0.11 ± 0.03 and 0.15 ± 0.01, respectively.
Previous work from our group and that of Routzahn and Jain has shown that the waiting
and switching times for the transformation of immiscible crystal pairs (e.g., CdSe/Ag2Se and
PbBr2/CH3NH3PbBr3) that require a substantial reorganization in structure can be reproduced by
incorporating an abrupt increase in probability during the Monte Carlo trajectories.39-41 For
example, in our previous model used to describe the intercalation of CH3NH3Br into PbBr2 NCs
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in which a new phase must nucleate in each particle, the initial reaction events have equal
probability. However, after a critical number of events have taken place in a particle, the free
energy change associated with each successive event abruptly decreases and the associated
probability increases. The conversion of as-synthesized CsPbI3 NCs to CsPbBr3 studied here
appears to be an intermediate case between the fully miscible and fully immiscible systems that
have been previously modeled. While the transformation of CsPbI3 NCs does not require a distinct
phase change, it likely involves a coordinated reorganization of the tilt angles of corner-sharing
PbX6 octahedra (discussed in more detail below). Thus, we adapted our previous model to the
conversion of CsPbI3 NCs to CsPbBr3 by adjusting the curvature in free energy after the threshold
such that the change in probability was less abrupt (see Section 2.6). The red traces in Figure
4.20(a) and (b) show the simulated changes in free energy and probability for exchange events
using this structural-reorganization model. The initial events have equal probability, but after a
critical threshold (5 in these simulations), the free energy change associated with each successive
event decreases and the probability increases. The concave upward curvature for the change in free
energy with reaction events after the threshold (and concave downward curvature of the
probability) leads to a change in probability that successfully models the sharper switching times
for this transformation (Figure 4.21 (c) and (d)). The simulated concentration dependencies of
waiting and switching times for the structural-reorganization model and corresponding
experimental times for the conversion of CsPbI3 NCs to CsPbBr3 are shown in Figures 4.20(c)
and (d) (red traces). The structural-reorganization model reproduces both the shorter waiting and
switching times seen experimentally for this transformation and their relative insensitivity to
concentration. The larger structural reorganization needed during the conversion of CsPbI3 NCs to
CsPbBr3 also leads to greater temporal separation between the waiting and switching times. In
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both the Monte Carlo simulations using the structural-reorganization model and the experimental
values for the conversion of CsPbI3 NCs to CsPbBr3, there is no correlation between these values
at low concentrations (Figure 4.22(c) and (d)). However, at the highest simulated concentration,
the change in free energy and probability for exchange events in the two models are similar (see
the traces marked with circles in Figure 4.20(a) and (b)). Consequently, the respective waiting
and switching times for the two models also have more similar mean values at the highest
simulated concentration (Figure 4.20(c)) in agreement with the experimental results (Figure
4.20(d)).
Our single-particle fluorescence studies supported by Monte Carlo simulations reveal that
CsPbI3 NCs synthesized by the hot-injection method undergo an abrupt structural reorganization
as they transform to CsPbBr3. We postulate this structural reorganization involves coordinated
changes in the titling patterns of PbX6 octahedra. The in-plane and out-of-plane tilt angles of PbX6
octahedra are different in bulk CsPbBr3 and CsPbI3 with the perovskite orthorhombic  structure
due to the different radii of Br– (1.82 Å) and I– (2.06 Å) anions (see Table 4.6). CsPbBr3 and
CsPbI3 NCs also show differences in their octahedral tilting patterns.12, 27, 49 Furthermore, Zhao
and coworkers recently reported size-dependent structural variations in size-selected CsPbI3 NCs
with the orthorhombic  phase for edge lengths up to 15.3 nm that arise from surface strain.29
Rietveld refinement of powder XRD patterns indicated there are variations in the octahedral tilt
angles as a function of NC size.29 While the size distributions of our CsPbX3 samples are too broad
to perform Rietveld refinement and measure changes in the octahedral tilt angles, the mean size of
our initial CsPbI3 NCs (11.9 nm) falls within the range where surface strain is expected to induce
changes to their structure. Thus, the octahedral tilt angles likely change during anion exchange
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both due to differences in bulk structure along with the different surface energies associated with
CsPbBr3 and CsPbI3.50-52
Table 4.6 Tilt angles for PbX6 octahedra (X = Br or I) based on the bulk crystal structures from
ICSD collection codes #243735 for CsPbBr3 and #21955 for CsPbI3. Both crystals have the
perovskite orthorhombic γ phase.
Tilt angle

CsPbBr3

CsPbI3

In-plane Pb–X–Pb

156.51°

155.57°

Out-of-plane Pb–X–Pb

163.79°

159.24°

A more abrupt structural reorganization during the conversion of the as-synthesized CsPbI3
NCs to CsPbBr3 is consistent with the narrower distributions of waiting and switching times
observed for this transformation (Figures 4.14). This structural reorganization also explains the
peak splitting observed in ensemble PL spectra during the conversion of CsPbI3 NCs to CsPbBr3.
The interconversion between the two distinct populations of iodide-rich and bromide-rich
CsPbBr3-xIx NCs likely coincides with the reordering of the PbX6 octahedra. On the other hand,
CsPbBr3 NCs undergo a smooth transition to CsPbI3 indicating that the tilting pattern of the initial
CsPbBr3 NCs is largely conserved during their transformation. This smooth transition leads to
longer waiting and switching times with a wider distribution at low concentrations of substitutional
anion. Furthermore, CsPbBr3-xIx NCs that have already undergone anion exchange possess similar
mean waiting and switching times to those of the as-synthesized CsPbBr3 NCs undergoing
exchange to CsPbI3. This indicates that when bromide-rich CsPbBr3-xIx NCs produced by anion
exchange of CsPbI3 are converted back to CsPbI3 they retain a structure similar to the CsPbBr3
NCs. Thus, we propose that anion exchange between as-synthesized CsPbBr3 and CsPbI3 NCs is
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not reversible and that CsPbI3 NCs produced by anion exchange do not have the same structure as
those produced by hot-injection.

4.3 Conclusion
In summary, we used single-particle fluorescence to elucidate asymmetric chemical
reactivity during anion exchange between CsPbBr3 and CsPbI3 NCs. We attribute shorter reaction
times for individual CsPbI3 NCs along with a narrower distribution to a more abrupt structural
reorganization needed as they transform to CsPbBr3. CsPbBr3 NCs do not undergo this structural
reorganization as they transform to CsPbI3 leading to a wider distribution of reaction times. Our
study indicates that subtle structural differences between CsPbX3 NCs that are difficult to detect
by conventional powder x-ray diffraction can have a significant impact on their chemical
reactivity. X-ray total scattering measurements using synchrotron radiation could be used in the
future to quantify differences in the structure of CsPbI3 NCs made by the hot-injection method vs.
by anion exchange.27, 28, 53 While our studies were performed under dilute conditions (i.e., isolated
NCs dispersed on a substrate), the distribution of reaction times may affect the compositional
homogeneity of CsPbX3 NCs produced by anion exchange at higher concentrations, which will be
needed to scale-up this reaction. If the local concentration of substitutional anions becomes
depleted, then NCs with longer waiting times will incorporate a lower fraction of the substitutional
anion. This inherent distribution of reaction times, which is controlled by the degree of structural
reorganization during the NC transformation, is important to consider when scaling up fabrication
routes that maximize the color purity of luminescent CsPbX3 NCs for optoelectronic devices.
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Chapter 5: Unveiling the Influence of
Thermal Annealing on Traps in Individual
Cesium Lead Bromide Nanocrystals
5.1 Introduction
Lead halide perovskite semiconductors have been widely studied for optoelectronic
applications due to their unique chemical and physical properties including tunable bandgaps, high
defect tolerance, long carrier lifetimes, and low-cost processability.1-5 However, the main
challenge hindering the commercialization of these materials is their stability.6-8 It has been found
that exposure to water, oxygen, heat, and light are four major causes of degradation in lead halide
perovskites.9,

10

While the effect of water and oxygen can be largely excluded by modern

encapsulation technologies, heat and light are inevitable in specific applications, including solar
cells and light emitting diodes (LEDs).11-13
Due to the heat released through non-radiative carrier recombination and absorbed from
the surrounding environment, the perovskite layer in a solar cell or LED device may operate at
elevated temperatures around 100℃ when a cooling system is not available.14, 15 Therefore, it is
important to understand how heating affects the properties of perovskite semiconductors.
Numerous efforts have studied the thermal degradation of all inorganic lead halide perovskites,
which have better stability compared to their organic-inorganic hybrid counterparts.16-20 Boote et
al. reported that the thermal stability of perovskite nanocrystals (NCs) was largely dependent on
their halide composition and size.17 No signs of phase transformation or degradation were observed
in CsPbBr3 NCs annealed at temperatures up to 250℃ in N2. Zhang et al. reported that the melting
of CsPbBr3 NCs occurred at a temperature above 560℃ when using high-vacuum conditions in a
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TEM.20 While the crystal structure of the CsPbBr3 NCs can be preserved at high temperatures, the
loss in photoluminescence (PL), which is largely dependent on the number and distribution of trap
states present, has been observed at much lower temperatures. Yuan et al. observed a significant
decrease in PL intensity when annealing CsPbBr3 NCs in vacuum at temperatures above 50℃,
which resulted from the loss of surface ligands and ripening of the NCs.21 Diroll et al. suggested
that the reversible loss in PL intensity for CsPbBr3 NCs at temperatures below 180℃ was due to
thermally assisted trapping by halide vacancies.22
Single-particle fluorescence microscopy offers the capability to watch the degradation of
individual NCs. Sharma et al. observed decreases in the brightness of individual CsPbBr3 NCs
embedded in a conductive polymer matrix and under an external bias, which resulted from the
increased population of gray PL intensity states in the single-particle trajectories.23 Liu et al.
revealed that the degradation of MAPbBr3 NCs in oxygen was accompanied by a blue shift in the
PL spectra due to an oxygen-assisted photoetching process.10 Yuan et al. found that the presence
of water can result in a similar photoetching process for individual CsPbI3 NCs.9
In this work, we used single-particle fluorescence microscopy to investigate the
heterogeneity among individual CsPbBr3@SiO2 NCs after applying a thermal treatment. We
focused on relatively mild annealing conditions of around 100℃, which is well below the
degradation temperature of CsPbBr3 but close to the operating temperature of a typical
optoelectronic device. Amorphous shells of SiO2 were grown around the NCs to stabilize the
CsPbBr3 cores during characterization. The shells also prevent the ripening of the CsPbBr3 NCs
during annealing. Using fluorescence microscopy to monitor changes in the fluorescence
intensities of individual particles, we observed three sub-populations of NCs within a single batch
after the thermal treatment. One population of NCs were stable while the other two either became
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brighter or darker after annealing. The slight decrease in ensemble fluorescence intensity was the
average of these 3 sub-populations. Based on statistical analysis of the fluorescence trajectories of
individual NCs, we demonstrate that deep traps in the middle of the bandgap and shallow traps
close to the band edge are influenced differently by the thermal treatment. Correlating fluorescence
microscopy with images obtained by transmission electron microscopy (TEM) showed that the
variation of trap states upon annealing was not related with the morphological heterogeneity of
individual NCs. Transient absorption (TA) spectroscopy was used to monitor the variation of
carrier trapping times and indicated that the number of deep traps decreased after annealing. X-ray
photoelectron spectroscopy (XPS) further showed that the deep traps (reduced species like Pbi,
PbBr) were oxidized during the thermal treatment. Combining single-particle measurement and
ensemble characterizations, we conclude that thermal annealing at 100℃ favors healing of deep
trap states. This work established a clear relationship between thermal annealing and change trap
states and contributes to the understanding of thermal degradation mechanisms in CsPbBr3 NCs.

5.2 Results and Discussion
5.2.1 Ensemble Optical Measurements
The emission and absorption spectra for CsPbBr3@SiO2 and CsPbBr3 NCs dispersed in
colloidal solution, and CsPbBr3@SiO2 NCs deposited on coverslips are shown in Figure 5.1(a)
and (b), respectively. Both kinds of NCs were synthesized using a method developed by Zhong et
al. (see Section 2.2.2 for further details).24 The concentrations of the solutions of CsPbBr3@SiO2
and CsPbBr3 NCs were prepared to have the same absorbance value at 400 nm. As shown in Figure
5.1(a), each sample had an absorbance of 0.4 at 400 nm. When excited at 400 nm, the integrated
PL intensity of the CsPbBr3@SiO2 NCs was 1.75 times the value of the uncoated CsPbBr3 NCs.
The emission maxima of the CsPbBr3@SiO2 and CsPbBr3 NCs were at 498 nm and 505 nm,
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respectively. As shown in Figure 5.1(b), the emission maxima of the thin-film sample of
CsPbBr3@SiO2 NCs appeared at 515 nm before annealing and at 519 nm after annealing. These
thin-film samples were also used for TA spectroscopy described below in Section 5.2.5.
The higher PL intensity of the CsPbBr3@SiO2 NCs in colloidal solution compared to the
CsPbBr3 NCs without a SiO2 shell is attributed to the SiO2 shells. Previous reports have shown
that a non-epitaxial SiO2 shell around a CsPbBr3 core can not only protect the NCs from
degradation, but also passivate surface defects.25-27 The lower emission energy observed for the
CsPbBr3 NCs can be explained by the aggregation of NCs, which is more likely to occur for NCs
without shell.

Figure 5.1 (a) PL (solid lines) and UV-vis absorption (dashed lines) spectra of CsPbBr3@SiO2
(black) and CsPbBr3 (red) NCs dispersed in toluene. (b) PL (solid lines) and UV-vis absorption
(dashed lines) spectra of CsPbBr3@SiO2 NCs deposited on a glass coverslip before annealing
(blue) and after annealing at 100℃ for 10 mins (purple). An excitation wavelength of 400 nm was
used for the PL spectra.
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The shift to lower energies observed for the thin-film spectra compared to the spectra
collected in colloidal solution is attributed to energy transfer between nearby NCs. The spectra
further red shifted by 4 nm after annealing at 100℃, which resulted from the oriented attachment
of uncoated CsPbBr3 NCs and/or the merging of clusters of CsPbBr3 NCs embedded in the same
SiO2 shell during annealing.28 The photoluminescence quantum yield (PLQY) of the
CsPbBr3@SiO2 NC thin films were calculated to be 3.88% before annealing and 4.38% after
annealing based on the total number of photons absorbed and emitted by the sample (see details in
Section 2.8.1).

5.2.2 Structural Characterization
We used x-ray diffraction (XRD) and electron microscopy to characterize potential
changes in the structure and morphology of the CsPbBr3@SiO2 and CsPbBr3 NCs before and after
annealing. XRD patterns of the samples are shown in Figure 5.2. The XRD patterns match well
with a simulated pattern of CsPbBr3 in the orthorhombic phase. Although water was added during
the synthesis, no impurity peaks indicative of degradation were observed in the as-synthesized
NCs. The green and cyan traces in Figure 5.2 show samples that were annealed at 100℃ on a
silicon substrate for 10 mins in a nitrogen-filled glovebox. No extra peaks appeared in the annealed
samples, indicating that the crystal structure of both the CsPbBr3 and CsPbBr3@SiO2 NCs did not
change after annealing.
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Figure 5.2 XRD patterns of the as-synthesized CsPbBr3 NCs before (red) and after annealing
(green) and CsPbBr3@SiO2 NCs before (blue) and after (cyan) annealing. The black pattern shows
a simulated powder XRD patter of CsPbBr3 in the orthorhombic phase made using ICSD collection
codes 243735.
TEM images of CsPbBr3@SiO2 and CsPbBr3 NCs before and after annealing are shown in
Figure 5.3. The as-synthesized CsPbBr3@SiO2 NCs (Figure 5.3a) possessed shells that were
spherical in shape with average diameters of 38.5 ± 4.8 nm. The size and shape of the CsPbBr3
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cores varied, and several empty SiO2 shells were observed. After annealing at 100℃ in a glovebox
for 10 mins, the overall morphology (Figure 5.3b) did not change compared to the sample before
annealing. The as-synthesized CsPbBr3 NCs were in cubic shape with average edge lengths of 17.1
± 2.1 nm. After annealing at 100℃ in glovebox for 10 mins, the shape and size of the CsPbBr3
NCs became irregular, and the NCs underwent oriented attachment to form larger crystals.

Figure 5.3 TEM images of (a) CsPbBr3@SiO2 NCs before annealing, (b) CsPbBr3@SiO2 NCs
after annealing at 100℃ in a glovebox, (c) CsPbBr3 NCs before annealing, and (d) CsPbBr3 NCs
after annealing at 100℃ in glovebox. The scale bars are 50 nm for all images.
While oriented attachment occurred in uncoated CsPbBr3 NCs during annealing, the
CsPbBr3@SiO2 NCs were protected by the SiO2 shells. However, the CsPbBr3 cores were not
always cubic. The irregular shapes observed in the TEM images were likely due to the etching of
the nanocrystals by water and tetramethyl orthosilicate (TMOS) durnig the shell growth step. The
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heterogeneity among the CsPbBr3@SiO2 NCs led to the observation of distinct behaviors in the
PL intensity of individual NCs.

5.2.3 Stability of CsPbBr3@SiO2 Nanocrystals Measured by Single-Particle
Fluorescence
In this section, the stabilities of individual CsPbBr3@SiO2 NCs under continuous
illumination under a fluorescence microscope in air and N2 are investigated. As described above,
heat is not the only factor that can lead to the degradation of CsPbBr3 NCs. In order to understand
the influence of thermal annealing, all other factors need to first be excluded. The light used to
excite the NCs (i.e., 450-490 nm LED light) was kept at a low intensity (i.e., ~49 μW/cm2) to
minimize any photoinduced damage to the NCs. Single-particle fluorescence intensity trajectories
of CsPbBr3@SiO2 NCs were measured in a commercial flow cell (see details in Section 2.4.3). To
provide an N2 environment in the flow cell, N2 gas was flowed in with a syringe pump at a rate of
20 mL/h. The flow of N2 gas was started 5 minutes prior to the measurement and was kept flowing
during the measurement. Additionally, we measured the fluorescence of CsPbBr3 NCs in air for
comparison. The integrated fluorescence intensity trajectories over the entire microscope field-ofview (containing around 200 single NCs for each sample) are shown in Figure 5.4.
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Figure 5.4 Integrated fluorescence intensities over the entire microscope field-of-view for
CsPbBr3 NCs measured in air (black) and CsPbBr3@SiO2 NCs measured both in air (red) and N2
(blue).
The intensity of uncoated CsPbBr3 NCs dropped quickly during the measurement. Almost
all the NCs died after 200 s of continuous illumination in air. Meanwhile, the integrated
fluorescence intensity of the CsPbBr3@SiO2 NCs after 400 s of continuous illumination in air
maintained 75% of its original value. For the measurement in an N2 environment, over 90% of the
original intensity of CsPbBr3@SiO2 NCs was maintained after 400 s of continuous illumination.
The quick drop in fluorescence intensity of the uncoated CsPbBr3 NCs is consistent with previous
reports showing that the combination of oxygen, water, and light degrade CsPbBr3 NCs quickly.9,
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With the protection of a SiO2 shell, the stability of the CsPbBr3 cores was greatly improved. The

minor degradation observed for the CsPbBr3@SiO2 sample measured in air might come from a
portion of NCs with incomplete shell coverage. The stability further improved when the
fluorescence intensity of the CsPbBr3@SiO2 NCs was measured in a N2 environment. Still, a small
drop in fluorescence intensity (<10%) was observed, which we attribute to photodegradation of
the CsPbBr3 cores in absence of water and oxygen.29
To better understand why the ensemble fluorescent intensity decreased over time,
trajectories of individual particles under different measurement conditions were investigated.
Figure 5.5(a) and (b) plot selected single-particle trajectories of CsPbBr3@SiO2 NCs measured in
N2. The majority of NCs did not show any obvious change during the measurement (Figure
5.5(a)). However, a small portion of CsPbBr3@SiO2 NCs (10 out of 133) exhibited more frequent
and longer dark periods as time elapsed (Figure 5.5(b)). Figure 5.5(c) plots selected singleparticle trajectories of CsPbBr3 NCs measured in air, in which the fluorescence intensity of each
particle progressively decreased under continuous illumination.
Single-particle measurements reveal that at least two different degradation pathways are
responsible for the gradual decrease in fluorescence observed at the ensemble level. For uncoated
CsPbBr3 NCs measured in air, we hypothesize that the NCs were slowly etched by the combination
of light, water, and oxygen.9 Thus, the size of the NCs decreases during the measurement,9, 29
reducing the total number of photons being absorbed and emitted. For CsPbBr3@SiO2 NCs
measured in N2, the CsPbBr3 cores are protected from photoinduced etching in the absence of
water and oxygen. Therefore, the fluorescence intensities of the bright state remained constant.
However, continuous irradiation can create new defects in the NCs, which act as non-radiative
recombination centers.10 The dark state became more prominent in these NCs as more non159

radiative recombination channels were opened to compete with radiative recombination (Figure
5.5(b)). It worth noting that less than 10% of the CsPbBr3@SiO2 NCs degraded in the way shown
in Figure 5(b). The rest of the NCs were stable throughout the measurement (Figure 5.5(a)). We
conclude that by using CsPbBr3@SiO2 core/shell NCs, limiting the excitation light intensity, and
controlling the environment during imaging, we can exclude the effect of water, oxygen and light
on the NCs, thus focus on the influence of thermal annealing.

Figure 5.5 Representative single-particle fluorescence intensity trajectories of (a) stable
CsPbBr3@SiO2 NCs measured in N2, (b) CsPbBr3@SiO2 NCs measured in N2 that have an
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increase in their off-fraction over time (< 10% of the total population), and (c) uncoated CsPbBr3
NCs measured in air.

5.2.4 Blinking Statistics Before and After Annealing
We next investigated the relationship between thermal annealing and blinking statistics in
individual CsPbBr3@SiO2 NCs. The NCs were deposited onto coverslips and annealed in a
glovebox at three different temperatures for 10 mins (the annealing time for all samples was 10
mins in this Chapter unless otherwise noted). The fluorescence intensity trajectories of the same
NC before and after annealing were recorded. The intensity value at each time frame (i.e., 20 ms)
was compared to a constant threshold value. The time frames with fluorescence intensities higher
than the threshold value are defined as ‘on’ events. The rest of the time frames are defined as ‘off’
events. As discussed in Section 1.4, the fluorescence intermittency of single NCs is highly
dependent on the trap states in the NC. In this section, we used on-fraction, which is the percentage
of on events compared to the total number of events, to characterize the trap states in individual
CsPbBr3@SiO2 NCs. A large on-fraction for a NC indicates a low density of trap states. The
variation in on-fraction before and after annealing is calculated by subtracting the on-fraction
before annealing from the on-fraction after annealing. A positive variation in on-fraction indicates
the trap density of the NC decreased after annealing. Figure 5.6(a-c) compares the on fractions of
individual CsPbBr3@SiO2 NCs before and after annealing at 70℃, 100℃ and 120℃, respectively.
Data points close to the red dashed lines indicate little change in the on-fraction after annealing.
The histograms of the on-fraction variation before and after annealing for each temperature are
shown in Figure 5.6(d-e). For the sample annealed at 70℃ (Sample I), a total of 341 NCs were
analyzed. NCs with on-fractions below 10% were considered dark. Based on this cutoff, 11% of
the NCs were initially dark but became fluorescent after annealing (34 out of 314, data points
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located close to the y-axis). 24% of the NCs were initially fluorescent but became dark after
annealing (75 out of 314, data points close to the x-axis). The rest of the NCs showed a range of
variations in their on-fraction. The average on-fraction of all the NCs decreased by 5.5% after
annealing (Figure 5.6(d)). The samples annealed at 100℃ and 120℃ were analyzed in the same
way. For the sample annealed at 100℃ (Sample II), a total of 389 NCs were analyzed (Figure
5.6(b)). After annealing, 18% of the NCs became fluorescent (70 out of 389), while 19% of the
NCs became dark (75 out of 389). Most of the rest of the NCs were located around the red dashed
line, indicating a small on-fraction variation. The average on-fraction of all the NCs increased by
1.1% after annealing (Figure 5.6(e)). For the sample annealed at 120℃ (Sample III), a total of
341 NCs were analyzed (Figure 5.6(c)). After annealing, 10% of the NCs became fluorescent (33
out of 341), while 66% of the NCs became dark (226 out of 341). The average on-fraction of all
the NCs decreased by 33% after annealing (Figure 5.6(e)).
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Figure 5.6 (a-c) Comparison of the on-fractions of individual CsPbBr3@SiO2 NCs before and
after annealing at 70℃, 100℃, and 120℃, respectively. (d-f) Histograms of the on-fraction
variation after annealing at 70℃, 100℃, and 120℃, respectively.
We classify the NCs into three populations based on their variation in on-fraction before
and after annealing. The variation in photoluminescence at the ensemble level upon thermal
annealing is due to the combined effect of all the three populations of NCs observed at the singleparticle level. For population A within each sample annealed at a different temperature, the
variation in on-fraction was smaller than 20% after annealing. For population B, the on-fraction
decreased by more than 20% after annealing. In addition, another population of NCs (population
C) was observed in which the on-fraction of the NCs increased by more than 20% after annealing.
The variation in on-fractions in these different populations of NCs suggest that certain types of
traps are being passivated during annealing, while new traps states are created at the same time.
Overall, the variation in on-fraction after annealing observed in Figure 5.6 indicates that although
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the mild annealing condition did not change the overall structure or morphology of the
CsPbBr3@SiO2 NCs (Figures 5.2 and 5.3), the trap states are deeply influenced. To further
understand the influence of thermal annealing on defect states, probability distributions of onevents for individual CsPbBr3@SiO2 NCs were analyzed with MATLAB (see details in Appendix
2). We compared the probability distributions for the three populations of NCs. We focus on
Sample II as it contains a similar number of NCs that became bright and dark after annealing.
Among the 389 NCs in Sample II, 70 of them were dark before annealing (i.e., on-fractions below
10%). Therefore, the probability distributions of on-events could not be analyzed for these NCs.
Two different shapes of the probability distribution were observed among the rest of the
319 NCs in Sample II before annealing. Figure 5.7 shows representative probability distributions
of on-events for two individual CsPbBr3@SiO2 NCs. For the NC shown in Figure 5.7(a), the event
duration had a linear relationship with the probability of on-events in the log–log plot. The
following equation was used to fit the linear power-law relationship:
𝑃(𝑡) = 𝐴𝑡 −𝛼
where P(t) is the probability of finding on events with a duration of t, A is a constant, α is the
power law coefficient. 90% of the NCs in Sample II (286 out of 319) exhibited a linear power law
probability distribution similar to the NC shown in Figure 5.7(a). For the other NC shown in
Figure 5.7(b), the linear relationship was truncated at an event duration of 0.4 s (as indicated by
the red dashed line). The following equation was used to fit the linear power-law relationship:
𝑃(𝑡) = 𝐴𝑡 −𝛼 𝑒 −𝑡/𝑡𝑐
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where P(t) is the probability of finding on (or off) events with a duration of t, A is a constant, α is
the power law coefficient, tc is the truncation time. 10% of the NCs in Sample II (33 out of 319)
exhibited a truncated power law probability distribution like the one in Figure 5.7(a).

Figure 5.7 Representative probability distributions of on-events for two individual CsPbBr3@SiO2
NCs in Sample II before annealing. The probability distribution of the NC in panel (a) was fit using
a linear power law while the NC in panel (b) was fit using a truncated power law.
The fluorescence intermittency of a semiconductor NC can be classified into type-A and
type-B blinking based on differences in the non-radiative recombination channels. In a NC
exhibiting type-A blinking, electrons and holes recombine non-radiatively through Auger
recombination. In a NC exhibiting type-B blinking, non-radiative recombination is dominated by
a shallow trap-assisted process. According to the discussion in Section 1.4, the CsPbBr3@SiO2
NCs in Sample II with behavior similar to the NC shown in Figure 5.7(b) were dominated by
type-A blinking, while those with behavior similar to Figure 5.7(a) were dominated by type-B
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blinking. Interestingly, we found that the 10% of NCs displaying type-A blinking (i.e., possessing
deep traps for charge carriers) were more likely to have a higher on-fraction after annealing. As
shown in Figure 5.8(a), most of the NCs with type-A blinking (in blue) had a positive variation in
their on-fraction after annealing. On the other hand, the on-fraction for the majority of NCs
exhibiting type-B blinking decreased after annealing. Based on this observation, we hypothesize
that NCs with deep traps were more likely to be healed by thermal annealing.

Figure 5.8 The variation in on-fraction for (a) NCs with type-A blinking (blue) and (b) NCs with
type-B blinking (purple). For comparison, the variation in on-fraction for the entire population of
NCs (red) is shown in both plots.
As the majority CsPbBr3@SiO2 NCs in Sample II are dominated by the type-B mechanism
for blinking (286 out of 319), we took a closer look at these NCs. The probability distributions of
these NCs were fitted with the power law equation, 𝑃(𝑡) = 𝐴𝑡 −𝛼 . The slope of the fitting for
different populations of NCs are summarized in Figure 5.9. The NCs from population C (i.e.,
those with an increase in their on-fraction by more than 20% after annealing) are plotted in purple
in Figure 5.9(a). These NCs tend to have a larger magnitude for the slope of their fit. The NCs
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from population B (i.e., those with a decrease in their on-fraction by more than 20% after
annealing) are plotted in green in Figure 5.9(b). These NCs tend to have a smaller magnitude for
the slope of their fit. The slope of the power law fitting reflects the probability for long duration
events to occur. A larger slope means that events with a long duration are less frequent. Therefore,
the histograms in Figure 5.9 reveal that NCs with higher blinking frequencies (i.e., fewer events
of long duration) were more likely to become brighter during annealing, while NCs with lower
blinking frequencies (i.e., more events of long duration) were more likely to became darker after
annealing.

Figure 5.9 Slope of power law fitting for the NCs from (a) population C (purple) and (b)
population B (green) compared to all NCs that exhibited type-B blinking (red).
Upon annealing, both deep and shallow trap states can be healed while new traps can also
be created. These two processes occurred in parallel. Therefore, the NCs with initially high trap
densities (i.e., that blink more frequently) were more likely to become brighter after annealing.
The speed of each process is dependent on the annealing temperature. Apparently, the creation of
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new traps was much faster than healing of pre-existing ones during annealing at 120℃. Therefore,
most NCs became darker in that case.

5.2.5 Influence of Thermal Annealing on Trap States
The analysis of fluorescence intensity trajectories indicates that the variation in blinking
statistics in CsPbBr3@SiO2 NCs upon thermal annealing is related with a change in trap states. In
this section, transient absorption (TA) spectroscopy and x-ray photoelectron spectroscopy (XPS)
were applied to further support this proposal by investigating the carrier dynamics and elemental
oxidation states of CsPbBr3@SiO2 NCs before and after annealing.
TA spectroscopy was carried out on CsPbBr3@SiO2 NC samples before and after annealing
them at 100℃ (as shown in Figure 5.10). The growth and decay of the TA profiles for both
samples were excited at 2.85 eV (435 nm) and monitored at their bandgap energies (i.e., the
maximum position in the first derivative of their absorption spectrum), which were 2.44 eV (509
nm) for the sample before annealing and 2.43 eV (512 nm) for the sample after annealing. The
fitting results of the TA temporal profiles using the sum of an exponential rise and three
exponential decays are summarized in Table 5.1. The value of t0 characterizes the rise time in the
TA temporal profiles. The values of t1, t2, and t3 characterize the exponential decay times in the
TA profiles. The value of t0 is attributed to the hot-carrier relaxation to the band edge states, and
the value of t3 is attributed to radiative recombination. Previous reports indicate that the time it
takes for a shallow trap to capture a carrier is shorter than a deep trap.30-32 We attribute the value
of t1 (which is shorter than t2) to the time that carriers occupy shallow trap sites and the value of t2
to the time that carriers occupy deep trap sites. Due to instrumental limitations, neither t0 nor t3
can be accurately determined. Therefore, our analysis focuses on the values of t1 and t2.
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Both the value of t1 and t2 were significantly longer in the sample after annealing compared
to the sample before annealing. The values of t1 and t2 increased by 90% and 30% respectively
upon annealing. The ratios of t1 and t2 were calculated using the following equation:

𝑅=

𝑡1 𝑎1
𝑡2 𝑎2

where ai is the coefficient of ti (i = 1, 2). R = 0.21 in the sample before annealing, and R = 0.28 in
sample after annealing. The longer decay times, reflected in the values of t1 and t2, in the sample
after annealing indicate an overall reduction in the trap density, which is consistent with the
increase in PLQY after annealing. The increased R value indicates that the weight of t2 associated
with deep traps decreased in the sample after annealing. Therefore, we hypothesize that more deep
traps were healed during thermal annealing than shallow traps.

Figure 5.10 TA temporal profiles (black traces) of CsPbBr3@SiO2 NCs (a) before annealing and
(b) after annealing at 100℃. The profiles were fitted using the sum of an exponential rise and
three exponential decays (red dashed lines).
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Table 5.1 Fitting results for TA temporal profiles shown in Figure 5.10

Time (ps)

Standard
deviation

Coefficient

t0

0.14

0.0047

0.00428

t1

142.48

1.24

2.48459

t2

795.08

2.55

2.11011

t3

> 7 ns

16.13

N/A

t0

0.11

0.0029

0.00431

t1

275.91

2.26

3.06837

t2

1022.29

3.67

2.95197

t3

> 7 ns

17.65

N/A

Before

After

To further understand the variations in trap states upon annealing, XPS was carried out on
CsPbBr3@SiO2 NC samples before annealing, after annealing at 100℃, and after annealing at
120℃ (see experimental details in Section 2.8.3). The spectra were calibrated using the C 1s peak
at 284.6 eV for Cs 3d, Pb 4f, Br 3d, and O 1s elements. Peaks that could not be fitted by a single
gaussian function were deconvoluted. The position of each deconvoluted peak was determined by
using Origin. The spectra and deconvolution of peaks are plotted in Figure 5.11. The
corresponding peak positions and their area ratios are summarized in Table 5.2.
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Table 5.2 Binding energies of peaks from XPS after deconvolution and their area ratios in the
regions for Cs 3d, Pb 4f and Br 3d electrons.

Element

Orbital

Peak 1
(eV)

Ratio

Peak 2
(eV)

Ratio

Peak 3
(eV)

Ratio

3d3/2

738.2

0.82

737.1

0.18

3d5/2

724.2

0.83

723.1

0.17

3d3/2

738.2

0.73

737.1

0.08

739.0

0.19

3d5/2

724.2

0.73

723

0.08

725.0

0.19

3d3/2

738.2

0.73

737.1

0.07

739.1

0.20

3d5/2

724.2

0.72

723

0.07

725.1

0.21

4f5/2

143.1

0.71

142.2

0.25

144.0

0.04

4f7/2

138.2

0.71

137.4

0.23

139.2

0.05

4f5/2

143.1

0.82

142.3

0.13

144.0

0.06

4f7/2

138.2

0.84

137.5

0.12

139.2

0.04

4f5/2

143.1

0.85

142.3

0.05

144.0

0.10

4f7/2

138.2

0.81

137.2

0.08

139

0.10

3d3/2

69.2

0.79

68.2

0.21

3d5/2

68.2

0.78

67.2

0.22

3d3/2

69.2

0.97

68.2

0.029

3d5/2

68.2

0.92

67.2

0.083

3d3/2

69.2

0.79

68.1

0.08

70.1

0.13

3d5/2

68.2

0.82

67.2

0.08

69.1

0.10

Before

Cs

100℃

120℃

Before

Pb

100℃

120℃

Before

Br

100℃

120℃
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The peaks in the binding energy regions of Cs 3d electrons were deconvoluted into three
peaks. Peak 1 at 738.2 eV (Cs 3d3/2) and 724.2 eV (Cs 3d5/2) correspond to Cs within the CsPbBr3
lattice.33, 34 Shoulder peaks (peak 2) at lower binding energies of 737.1 eV (Cs 3d3/2) and 723.1 eV
(Cs 3d5/2) are attributed to Cs in a lower oxidation state than in the CsPbBr3 lattice. In samples
after annealing, we also observed new shoulder peaks (peak 3) at higher binding energies of 739.0
eV (Cs 3d3/2) and 735.0 eV (Cs 3d5/2), which are attributed to Cs in a higher oxidation state than
in the CsPbBr3 lattice. We determined that peak 1 had area ratio of around 80% in the sample
before annealing. The ratio of peak 1 decreased to around 70% in samples after annealing. The
ratio of peak 2 was around 18% in the sample before annealing but decreased to less than 10% in
samples after annealing. Peak 3 only appeared in samples annealed at 100℃ and 120℃. The ratio
of peak 3 was similar for the two annealing temperatures (i.e., 19% for 100℃ and 21% for 120℃).
The peaks in the binding energy regions of Pb 4f electrons were deconvoluted into three
peaks. Peak 1 at 143.1 eV (Pb 4f5/2) and 138.2 eV (Pb 4f7/2) correspond to the Pb within the CsPbBr3
lattice.33, 34 Shoulder peaks (peak 2) at lower binding energies of 142.2 eV (Pb 4f5/2) and 137.4 eV
(Pb 4f7/2) are attributed to Pb in a lower oxidation state than in the CsPbBr3 lattice. Shoulder peaks
(peak 3) at higher binding energies of 144.0 eV (Pb 4f5/2) and 139.2 eV (Pb 4f7/2) are attributed to
Pb in a higher oxidation state than in the CsPbBr3 lattice. The ratio of peak 1 increased from around
70% before annealing to around 85% after annealing. The ratio of peak 2 decreased significantly
from 25% to 13% after annealing at 100℃. The ratio of peak 2 further decreased to 8% when
increasing the annealing temperature to 120℃. On the other hand, the ratio of peak 3 increased
from around 5% in samples before annealing and annealed at 100℃ to 10% in the sample annealed
at 120℃.
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Figure 5.11 X-ray photoelectron spectra showing the binding energy regions for (a) Cs 3d, (b)
Pb 4f, (c) Br 3d, and (d) O 1s electrons. Samples of CsPbBr3@SiO2 NCs before annealing, after
annealing at 100℃, and after annealing at 120℃ are shown from the bottom to top in each panel.
The experimental data are shown in black traces. The deconvoluted peaks are shown in red, blue,
and magenta lines. The sum of fitting each set of peaks is shown as a green dashed line.
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The peaks in the binding energy regions of Br 3d electrons were deconvoluted into three
peaks. Peak 1 at 69.2 eV (Br 3d3/2) and 68.2 eV (Br 3d5/2) corresponds to the Br within the CsPbBr3
lattice.33, 34 Shoulder peaks (peak 2) at lower binding energies of 68.2 eV (Br 3d3/2) and 67.2 eV
(Br 3d5/2) are attributed to Br in a lower oxidation state than in the CsPbBr3 lattice. We also
observed new shoulder peaks (peak 3) at higher binding energies of 70.1 eV (Br 3d 3/2) and 69.1
eV (Br 3d5/2) in sample annealed at 120℃, which are attributed to Br in a higher oxidation state
than in the CsPbBr3 lattice.
The spectra in the region of O 1s electrons could be fitted by a single gaussian function
(Figure 5.11d). The binding energies of the peak maxima in the samples before annealing, after
annealing at 100℃, and after annealing at 120℃ were 532.2 eV, 532.5 eV and 532.5 eV,
respectively. The analysis in the region of O 1s electrons was limited due to the low peak intensity.
The evolution of XPS spectra for Cs 3d, Pb 4f and Br 3d electrons suggests that the
oxidation of Cs, Pb and Br occurred during annealing. There was a significant contribution of Cs,
Pb, and Br in a lower oxidation state (peak 2) than in the CsPbBr3 lattice in the as-synthesized
CsPbBr3@SiO2 NCs. These species could be defects like Pbi, PbBr, CsBr and Csi. In case of Br, the
relatively reduced species could be Br– ionically bonded with Cs+. After the thermal treatment, the
ratio of these reduced species decreased (peak 2). It is worth noting that Pbi and PbBr are defects
which can result in deep traps in the CsPbBr3 lattice.35 The reduction of species in a reduced
oxidation state (peak 2) upon annealing is in good agreement with our previous conclusion that
annealing can heal deep defects. We suggest this process is responsible for the increase in onfraction for population C among the CsPbBr3@SiO2 NCs. Meanwhile, oxidized species were
observed in samples after annealing, as indicated by the appearance peak 3 for each element. The
oxidized species can result from the degradation of CsPbBr3 (i.e., into CsBr and PbBr2) and/or the
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reaction between CsPbBr3 and the SiO2 shell or excess organic ligands creating defects like VCs,
VPb, VBr. Such defects result in shallow trap states in the CsPbBr3 lattice.35, 36 Considering that
CsPbBr3 is stable at temperatures below 200℃, and the signal from Br became more oxidized
during annealing, the latter case is more likely to occur.

5.2.6 Correlation with TEM
To investigate whether the changes in trap states in the CsPbBr3@SiO2 NCs can be
reflected by changes in their morphology, we correlated fluorescence microscopy with TEM (see
details in Section 2.7). Previous reports indicated that CsPbBr3 NCs are extremely sensitive to
high-energy electron beams.37-39 We found that when uncoated CsPbBr3 NCs were diluted to the
single-particle level (i.e., when each NC was separated by a distance of a few micrometers), the
degradation of NCs under an electron beam became even worse. All NCs evaporated before any
images could be recorded. However, with the protection of the SiO2 shells, the stability of
CsPbBr3@SiO2 NCs under the electron beam was significantly enhanced. Individual NCs survived
long enough at medium magnifications to image them.

175

Figure 5.12 Correlation of individual CsPbBr3@SiO2 NCs with their fluorescence intensity
trajectories. The red traces are the background intensity. The scale bar in each TEM image is 50
nm.
Figure 5.12 shows representative TEM images of 4 single CsPbBr3@SiO2 NCs and their
fluorescence intensity trajectories. Additional examples can be found in Appendix 3. Although
we characterized NCs in which the CsPbBr3 cores possessed different sizes and/or shapes, we
found that the fluorescence trajectories did not depend significantly on the morphology of the core.
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The fluorescence trajectories also did not show a noticeable dependence on the SiO2 shell thickness
and/or different shell coverage. As discussed in previous sections, the blinking is dependent on the
defects present in the NC. High-resolution TEM images may provide further information on
structural defects present in the NCs. However, the CsPbBr3@SiO2 NCs were not stable during
high-resolution imaging. We further compared the fluorescence trajectories of individual NCs
before and after annealing with their morphology but did not find any noticeable correlation (see
Appendix 3 for details). These results indicate that variations in morphology (i.e., shell coverage
or core size) are not the dominating factors leading to the variations in fluorescence blinking. The
distinct behaviors observed in individual NCs upon annealing results from the variation in trap
states, which cannot be imaged using high-resolution TEM due to the sensitivity of the sample.

5.3 Conclusion
In summary, we used single-particle fluorescence microscopy to elucidate the influence of
thermal annealing on trap states in individual CsPbBr3@SiO2 NCs. We find that thermal annealing
at a mild temperature favors healing of deep trap states in these NCs. At the ensemble level, the
NCs showed less than a 10% photodegradation in fluorescence intensity upon continuous
illumination in a N2 environment. However, three populations of NCs were observed within the
same synthetic batch, which behaved differently upon annealing. We attribute the differences in
behavior to variations in trap states. Thermal annealing favors the healing of deep traps within the
NCs (i.e., NCs that exhibited type-A blinking). However, for shallow traps, two parallel processes
occurred in which certain kinds of shallow traps were healed, while new types of shallow traps
were also created. This mechanism is supported by TA spectroscopy. The longer carrier trapping
time in the annealed sample indicates the healing of both deep and shallow traps during the thermal
treatment. The decreased ratio of the longer trapping time (i.e., associated with deep traps)
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indicates more deep traps were healed than shallow ones. XPS measurements revealed that deep
traps in the as-synthesized CsPbBr3@SiO2 samples may be due to reduced defect species (i.e., Pbi,
PbBr), which are associated with shoulder peaks at lower binding energy regions. The thermal
treatment significantly lowered the amount of reduced species but created oxidized species (i.e.,
Cs2O, Bri), especially at an annealing temperature of 120℃. This work provides insights into how
different trap states in individual semiconductor NCs are affected by a mild thermal treatment.
Deep traps are being healed while new shallow traps are created during annealing. Such effects
are important to consider when optimizing the performance of optoelectronic devices that
incorporate lead halide perovskite NCs at elevated operating temperatures.
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Chapter 6: Conclusions and Perspectives
6.1 Conclusions
In this dissertation, we studied the solid-state transformations in cesium lead halide
perovskite (CsPbX3, X = Cl, Br, or I) nanocrystals (NCs), as well as the influence of thermal
annealing on the optical and structural properties of CsPbBr3@SiO2 NCs. Single-particle
fluorescence microscopy was applied to reveal the heterogeneity in the chemical and physical
properties of individual NCs within the same synthetic batch.
We first studied the anion exchange reaction between CsPbCl3 and CsPbBr3 NCs at the
single-particle level in Chapter 3. Different from previously studied immiscible systems, CsPbCl3
and CsPbBr3 have similar crystal structures and miscible with each other at every halide
composition. Single-particle fluorescence microscopy reveals that the switching times for
individual NCs are strongly dependent on the concentration of substitutional halide ions, which
has not been observed in immiscible systems. An exchange-density model, where the energy
barrier of further anion exchange events depends on the density of exchanged ions in the NC, was
developed to reproduce all salient features of the reaction. This work reveals that the distribution
of reaction times for individual NCs is controlled by the solid-state miscibility between initial and
final structures. We next studied the anion exchange reaction between CsPbBr3 and CsPbI3 NCs
using single-particle fluorescence microscopy in Chapter 4. We observed that the anion exchange
reaction between CsPbBr3 and CsPbI3 NCs is not completely reversible. We attribute the observed
irreversibility to different degrees of structural change when the reaction proceeds in opposite
directions. A larger change in structure occurs when transforming CsPbI3 NCs to CsPbBr3, leading
to a narrower distribution of reaction times. The findings reveal that structural differences in NCs
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affects their chemical reactivities. The inherent distribution of reaction times, which is observed
in both transformations studied in Chapter 3 and Chapter 4, is important to consider when
preparing CsPbX3 NCs with a highly uniform composition and high color purity for optoelectronic
applications.
The influence of thermal annealing on trap states in CsPbBr3@SiO2 NCs was studied with
single-particle fluorescence microscopy in Chapter 5. We observed three sub-populations of NCs
within a single batch, which respond differently to the thermal treatment. We propose a mechanism
in which mild thermal annealing at around 100℃ favors the healing of deep traps within the
CsPbBr3@SiO2 NCs. TA spectroscopy supports this mechanism by showing that the ratio of the
long trapping time (t2) associated with deep traps decreased after annealing. XPS results indicate
that Cs, Pb and Br atoms in a reduced oxidation state relative to in perovskite lattice were oxidized
during the annealing. Using a combination of single-particle and ensemble measurements, we
demonstrated that deep traps are being healed while new shallow traps are being created during
thermal annealing at mild temperatures. The relationship between thermal annealing and change
in trap states is important to consider for devices operating at elevated temperatures.

6.2 Perspectives
Our current studies on anion exchange reactions in CsPbX3 NCs focus on the heterogeneity
in reaction times. However, as shown by the TEM images in Figure 3.1 and Figure 4.3, the assynthesized CsPbX3 NCs have a size distribution of a few nanometers. A number of optical and
structural properties of CsPbX3 NCs are size dependent.1-5 For example, CsPbI3 NCs with a smaller
size are more stable in the perovskite phases (cubic or orthorhombic) than larger NCs.1 The Stokes
shifts in CsPbX3 NCs decreases as the size of the NC increases.2 It will be interesting to investigate
how the size-dependent properties of the CsPbX3 NCs affect their chemical reactivities.
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Preliminary results from my colleague, Dongyan Zhang, indicate the reaction of CsPbBr3 NCs
transforming to CsPbI3 is size dependent. The reaction times of smaller CsPbBr3 NCs have a
stronger dependence on the concentration of substitutional ions than larger ones.
Aside from imaging chemical reactions, fluorescence microscopy can be applied to study
plasmon-enhanced emission in CsPbX3 NCs. Previous work has shown that metal nanostructures
(e.g., Ag, Au) can enhance the emission of the lead halide perovskite NCs and thin films.6-9 The
shape and spatial distribution of the metal particles can affect the rate of spontaneous emission of
the perovskite.8 Correlation of TEM and fluorescence microscopy will enable us to characterize
the heterogeneity in emission of individual NCs and understand the factors that control plasmonenhanced emission.
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Appendix Ⅰ: MATLAB Scripts for Data
Analysis
Ⅰ.1 Script for On-fraction Analysis
%Remove background. Make sure the last row is the background trajectory
clear all;
trajectoryfile = uigetfile('*.xlsx','Select the trajectoryfile')
data = xlsread(trajectoryfile);
[sz1 sz2] = size(data);
ndata(:,1)=data(:,1);
for r= 2:sz2
ndata (:,r)= data(:,r)-data(:,sz2);
end

%subtract background from each row

filename1 = ['1-nbg-', trajectoryfile];
xlswrite(filename1,ndata);

%Calculate on-fraction.
clear all;
trajectoryfile = uigetfile('*.xlsx','Select the trajectoryfile')
data = xlsread(trajectoryfile);
valuethreshold = 100

%define the threshold of on/off event

[row col] = size(data);
binarydata(:,1) = data(:,1);
int (int <= threshold) = 0;
int (int > threshold) = 1;
binarydata (:,r) = int;
onratio(r)=sum(binarydata(:,r))./row;
filename = ['2-onratio-',trajectoryfile];
xlswrite(filename,onratio,'onratio')
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Ⅰ.2 Script for Probability Distribution Analysis
%Step 1:Remove background
clear all;
trajectoryfile = uigetfile('*.xlsx','Select the trajectoryfile')
data = xlsread(trajectoryfile);
[sz1 sz2] = size(data);
ndata(:,1)=data(:,1);
for r= 2:sz2
ndata (:,r)= data(:,r)-data(:,sz2);
end

%subtract background from each row

filename1 = ['1-nbg-', trajectoryfile];
xlswrite(filename1,ndata);

%Step 2:Find each on and off events
clear all;
trajectoryfile = uigetfile('*.xlsx','Select the trajectoryfile')
data = xlsread(trajectoryfile);
valuethreshold = 100

%define the threshold of on/off event

[row col] = size(data);
binarydata(:,1) = data(:,1);
for r = 2:col
int = data(:,r);
Max = data(1,r);
Min = data(1,r);
p = 1; %location pin of the Max data
for k = 2:row-20 % try to find the maximum value of the trajecotry
if Max >= data(k,r)
continue;
else Max = data(k,r);
p = k;
end
end
Maxmean = mean(data((p):(p+3),r)); % average over 4 points around the maximum
value
for q = 2:row-20;
if Min <=data(q,r);
continue;
else Min = data (q,r);
p=q;
end
end
if Max <=valuethreshold;
threshold = 1000000;
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else %threshold = (Maxmean-Min)*0.2+Min;
threshold=valuethreshold;
end
%plot the binary trajectory
%plot (time,int);
%axis([0 10 -0.2 1.2]);
%find the on-state period
i = 1; k = 0; x = 1;
for i = 2 : row;
if int (i,1) == 1;
k = k+1;
else
onstate(x,r) = k;
x = x+1;
k = 0;
end
end
%find the off-state period
j = 1; m = 0; y = 1;
for j = 2:row;
if int (j,1) == 0;
m = m + 1;
else
offstate(y,r) = m;
y = y+1;
m = 0;
end
end
end
filename1 = ['2-binary-', trajectoryfile];
xlswrite(filename1,binarydata,'binary')
filename2 = ['2-on-', trajectoryfile]
xlswrite(filename2,onstate);
filename3 = ['2-off-', trajectoryfile]
xlswrite(filename3,offstate);

%Step 3: Calculate the probability distribution
clear all;
trajectoryfile = uigetfile('*.xlsx','Select the trajectoryfile')
data = xlsread(trajectoryfile);
[row col] = size(data);
for r = 2:col
on = sort (data (:,r),'descend');
on(find(on==0))=[];
[row1 col1]=size(on);
x=1;b=1; str(:,r)=0;
for a = 2:row1-1
if on (a)> on(a+1)
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str(b,r) = sum (on(:)== on(a));
onstate (x,r)= on(a) * 0.02;
x=x+1;
b=b+1;
end
end
coun = str (:,r);
coun(find(coun==0))=[];
[row2 col2] =size(coun);
for c = 2:row2-1
y = (onstate((c-1),r)+onstate((c+1),r))*0.5;
oncount (c,r)= str (c,r)/(row*y);
by two nearby events
end
end

%the probability are weighted

filename = ['3-summary-', trajectoryfile];
xlswrite(filename,onstate,'event-duation');
xlswrite(filename,str, 'str');
xlswrite(filename,oncount,'event-probability');
filename1 = ['3-event-duation-', trajectoryfile]
xlswrite(filename1,onstate)
filename2 = ['3-event-probability-', trajectoryfile]
xlswrite(filename2,oncount)

%Step 4: Fitting
clear all;close all;
trajectoryfile1 = uigetfile('*.xlsx','Select the event-duation file')
data1 = xlsread(trajectoryfile1);
trajectoryfile2 = uigetfile('*.xlsx','Select the event-probability file')
data2 = xlsread(trajectoryfile2);
[col,row]=size(data1);
for r=2:row
F=@(a,t)(a(1).*t.^a(2))
%fit probability distribution to power-law
x1 = data1(2:col-1,r);
x=x1(find(x1~=0));
y1=data2(2:col-1,r);
y=y1(find(y1~=0));
if ~isempty(x)
n=size(x);
if n-1==0;
a(r-1,1)=0;
a(r-1,2)=0;
else
a_fitted = nlinfit(x(1:n-1),y(1:n-1),F,[0,0]);
a(r-1,1)=a_fitted(1);
a(r-1,2)=a_fitted(2);
%slope of the power-law fitting
end
end
figure(r-1)
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loglog(data1(1:col-1,r),data2(:,r),'*',data1(2:col-1,r),F(a_fitted,data1(2:col1,r)),'r')
end
filename = ['4-powerlawfit-',trajectoryfile1]
xlswrite(filename, a);
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Appendix Ⅱ: Additional TEM Images
Correlated with Single-Particle Trajectories
Ⅱ.1 Correlation of CsPbBr3@SiO2 NCs with Their
Fluorescence Trajectories
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The scale bars in all TEM images are 50 nm.
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Ⅱ.2 Correlation of CsPbBr3@SiO2 NCs with Their
Fluorescence Trajectories Before and After Annealing
The six CsPbBr3@SiO2 nanocrystals shown below were bright before and after annealing
(polulation A).
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The three CsPbBr3@SiO2 nanocrystals shown below were initially bright but became dark after
annealing. (Population B)

The two CsPbBr3@SiO2 nanocrystals shown below were initially dark but became bright after
annealing. (Population C)

The scale bars in all images are 50 nm.
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